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ABSTRACT. Objective. Leptin, a hormone present in 
breast milk, is involved in energy regulation and metab- 
olism. The purpose of this investigation was to deter- 
mine whether leptin is present in either preterm breast 
milk (PBM) or preterm formula (PF). The effects of de- 
livery methods and pasteurization on leptin levels also 
were evaluated. 

Methods, PBM samples were obtained from 29 moth- 
ers who delivered infants at between 23 and 34 weeks' 
gestation. Leptin levels were measured in PBM and PF 
with the use of a radioimmunoassay specific for human 
and bovine leptin, respectively. Milk samples were pas- 
teurized by fast- and slow-heating methods. PBM and PF 
spiked with human leptin were delivered through cath- 
eters by bolus and continuous administration to deter- 
mine the effects of delivery method on recoverable leptin 
levels. 

Results. Median PBM leptin concentration was 5.28 
ng/mL (intraquartile range: 24.79). Birth gestational age, 
birth weight, and gender of the infant did not signifi- 
cantly influence PBM leptin levels. Neither bolus nor 
continuous feeding practices affected leptin levels in 
PBM or spiked PF. However, pasteurization significantly 
reduced the amount of detectable leptin in PBM. 

Conclusions. PBM leptin levels were highly variable 
and similar to levels reported for term breast milk. There 
was no effect of postnatal age on PBM leptin concentra- 
tions. Sterilization decreased detectable leptin levels, 
whereas feeding practices had no adverse effect on the 
quantity of leptin delivered. Although no infant formula 
contained leptin, leptin could be added to formula and 
delivered through various feeding methods without loss. 
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ABBREVIATIONS. PBM, preterm breast milk; PF, preterm for- 
mula; RIA, radioimmunoassay. 



Leptin can no longer be viewed as solely an 
antiobesity hormone. Although leptin plays an 
important role in modulating adaptation to en- 
ergy regulation and utilization in the fasting state, 1 it 
also affects angiogenesis, 2 wound healing, 3 hemato- 
poiesis, 4 ' 5 bone metabolism systems, 6 and the neu- 



From the 'Department of Neonatology, Shady Grove Adventist Hospital, 
Rockville, Maryland; ^Department of Medical Research, Alfred I. duPont 
Hospital for Children, Wilmington, Delaware; and §Department of Neona- 
tology, Christiana Care Health Services, Newark, Delaware. 
Received for publication Nov 2, 2000; accepted Feb 14, 2001. 
Reprint requests to (R.L.) Neonatology, Christiana Hospital, Box 6001, 
Newark, DE 19718. E-mail: rloclce@christianacare.org 
PEDIATRICS (ISSN 0031 4005). Copyright © 2001 by the American Acad- 
emy of Pediatrics. 

http: / / www. pediatrics.org/cgi/ content/ full/ 108/ 1 / el 5 



roendocrine 7 and immune systems. 8 In utero, the 
fetus is exposed to leptin derived primarily from the 
placenta 9 - 10 and from its own tissues. 11 Premature 
delivery separates the infant from its principal 
source of leptin before the late-gestation rise in leptin 
levels. 9 Premature infants have significantly lower 
serum leptin levels than full-term infants. 12 This has 
significant implications for the premature infant, 
who is in a catabolic state. 

Breast milk and formula are the only sources of 
nutrition and growth factors for the infant in the 
postnatal environment. Mammary epithelial cells 
produce leptin, 13 and leptin is secreted into term 
breast milk. 13 " 15 A previous study 15 showed that lep- 
tin can pass from mother's milk into the circulation 
of rat pups, suggesting that term breast milk is an 
exogenous source of leptin. Whether preterm breast 
milk (PBM) and preterm formula (PF) also are a 
potential source of leptin has not been previously 
established. 

Because human breast milk contains nutrients, 
growth factors, and other factors that benefit infants, 
mothers of premature infants are strongly encour- 
aged to provide breast milk for their infants. In the 
absence of an adequate maternal supply of breast 
milk, mothers of preterm infants are offered the op- 
tion of donated banked term breast milk or PFs from 
the Christiana Care Hospital Milk Bank. Breast milk 
samples, including all donated and those that test 
positive for high levels of pathogenic bacteria, are 
pasteurized to reduce the risk of infectious contam- 
ination. Preterm infants are fed through a tube before 
they are capable of oral feedings. Leptin in term 
human breast milk is associated with milk fat glob- 
ules. 13 Although Stocks et al 16 found that the fat in 
pasteurized, human breast milk adheres to the lining 
of the feeding tube, Mehta et al 17 showed that the fat 
in fresh milk does not. Thus, pasteurization and 
tube-feeding practices may affect the delivery of lep- 
tin to the infant. 

The first purpose of this study was to determine 
whether PBM and PF contain leptin. Second, because 
it is unknown how pasteurization and delivery 
method affect PBM leptin levels, we also evaluated 
the effect of these processes on leptin content. 

METHODS 
Participants and PBM Study Design 

A total of 29 mothers consented to the study and donated a total 
of 42 samples. Five mothers declined because of low milk supply. 
Criteria for enrollment were as follows: mothers who delivered 
infants at 23 to 34 weeks' gestation, mothers who were planning to 
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breastfeed, and mothers who gave informed consent. The Institu- 
tional Review Board at Christiana Care Health Sendees approved 
the study. PBM was obtained from mothers in the Special Care 
Nursery at Christiana Care Health Center from July 1999 to March 
2000. Between 1 and 4 weeks of postnatal age, mothers collected at 
least 15 mL of PBM using sterile technique and a breast pump. 
Ucar et al 18 showed that leptin levels do not differ in fore- and 
hindmilk; therefore, these were not collected separately. Samples 
then were divided into thirds to be processed as follows: unproc- 
essed, fast-heat sterilized, and slow-heat sterilized. Each of these 
was divided further by delivery method: prefeeding (baseline), 
bolus, and continuous. Eleven of these samples also were case 
matched at 2 and 4 weeks' postnatal age to observe changes in 
PBM leptin levels over time. Milk samples were frozen immedi- 
ately at -70°C and then thawed at room temperature at time of 
processing. 

PBM Sterilization Methods 

We evaluated 2 methods of sterilizing breast milk currently 
used in the United States — fast- and slow-heat pasteurization. 
Before pasteurization, an aliquot of unpasteurized PBM was re- 
moved and stored for baseline comparison. For the fast-heat 
method, PBM was autoclaved at a constant temperature of 100°C 
for 5 minutes. For sterilization with the use of the slow-heat 
method, a glass jar containing PBM was submerged for 30 minutes 
in a 57°C agitating water bath. 

PF and Study Design 

The following commonly used PFs were assayed to determine 
the presence of leptin: premixed Similac Special Care (24 calories), 
Neosure liquid, and Neosure powder (Ross Laboratories, Colum- 
bus, OH); and premixed Premature Enfamil (24 calories) and 
Enfamil (22 calories) liquid and powder (Mead Johnson and Com- 
pany, Evansville, IN). We spiked formulas, Similac Special Care 
and Premature Enfamil, with known quantities of leptin to give 
final concentrations of 10 or 20 ng/mL human leptin to determine 
whether any is lost by delivery method. The formulas, both un- 
modified and spiked, were separated into 3 aliquots to be admin- 
istered as described in Delivery Methods. 

Delivery Methods 

To determine the effect of feeding practices on leptin levels, we 
compared baseline levels with postfeeding levels. Mock feedings 
were performed through bolus or continuous routes of adminis- 
tration. For the bolus delivery method, PBM or PF was placed in 
a 5-mL syringe with the plunger removed. One end of 50 cm of #5 
French enteral feeding tube (Ecouen, France) was attached to the 
needle end of the syringe, and the other was placed in a collection 
tube. The syringe was held —30 cm above the collection tube so 
that the PBM or PF dripped for —15 minutes into the tube by force 
of gravity. The same procedure was done for the continuous 
feeding sample except that the nasogastric tubing was attached to 
an IV AC 710 syringe pump (IVAC Corporation, San Diego, CA) 
and delivered at a continuous rate over 3 hours. The syringe 
containing the PBM was held at an angle to prevent the milk from 
separating during the feed. The collected samples were frozen 
immediately at -70°C and transferred on dry ice to Alfred I. 
duPont Hospital for Children for leptin, protein, and fat content 
analyses. 

Leptin Level Measurement 

All samples were thawed at room temperature before analysis. 
Pancreatic lipase (3 fit) and 6 uL of 1 M sodium bicarbonate were 
added to 600 jiL of either breast milk or formula to degrade 
triglycerides thought to interfere with the radioimmunoassays 
(RIAs). Samples were incubated at 37°C for 1 hour and then placed 
on ice. Leptin levels were determined with the use of commer- 
cially available RIAs specific to human leptin for all PBM samples 
or a multispecies RIA that can detect the presence of bovine leptin 
in all PF samples (Linco Research, St Charles, MO). Aliquots of 
lipase-treated samples were stained with Sudan black to confirm 
lipid hydrolysis. 

Western Blot Assay 

PBM and PF samples were diluted to protein concentrations of 
3 and 5 mg/mL in sample buffer containing 0.1 M dithiothreitol as 



a reducing agent. The samples were electrophoresed on a 4% to 
15% polyacrylamide gradient gel, and the separated proteins were 
transferred to a nitrocellulose membrane (Schleicher & Schuell, 
Keene, NH) as described by Fawcett et al. 19 The PF protein blots 
were probed with a polyclonal rabbit leptin antibody that recog- 
nized multispecies leptin (Linco Research). PBM protein blots 
were probed with a monoclonal goat antihuman leptin (R&D 
Systems, Minneapolis, MN). 

Creamatocrit and Protein Content 

The percentage of fat was measured for all PBM samples with 
the use of the creamatocrit method described by Lucas et al. 20 Each 
sample was run in duplicate, and the average of the duplicates 
was reported. Protein concentrations were determined with the 
use of the Bradford microassay (BioRad, Richmond, CA). 

Statistical Analysis 

Demographic data are described as mean and standard devia- 
tion. Nonparametric testing was used because leptin was signifi- 
cantly positively skewed (K-S Lilliefors test) and secondary out- 
come variables used small n values. The influence of postnatal age 
(2- and 4-week samples) was determined by Wilcoxon signed rank 
test. The effects of feeding practice, pasteurization method, and 
gender on leptin were performed with the use of Mann-Whitney 
and Kruskal-Wallis analysis of variance when appropriate. The 
relationship between gestational age and leptin was analyzed 
through regression analysis. Demographic data are described 
through parametric distributions. The primary outcome being 
studied, whether leptin is present in PBM, had not been previ- 
ously determined. Power determination for secondary outcomes, 
such as the effect of feeding methodology and pasteurization, 
were based on previous data from our laboratory on term breast 
milk. Significance was set at a = 0.05 (2-tailed), 0 = 0.2. All 
analyses were conducted with the use of Statistica 5.1 (StatSoft, 
Inc, Tulsa, OK). 

RESULTS 
Leptin Levels in PBM and PF 

The median leptin level for the PBM samples was 
5.28 ng/mL, with an intraquartile range of 24.79. The 
mean postmenstrual age at the time of donation was 
30 ± 2 weeks (range: 25-35 weeks). Gestational age, 
birth weight, and gender of infant did not signifi- 
cantly influence leptin levels with P values of 0.4, 0.6, 
and 0.9, respectively. Freezing and thawing fresh 
PBM 3 times had no effect on leptin levels. All sam- 
ples were run in triplicate. The leptin levels were 
averaged, and the means were used for all compar- 
isons. Mean breast milk leptin level at 2 weeks' post- 
natal age was 6.02 ± 8.97 ng/mL and did not differ 
from that of 5.18 ± 4.96 ng/mL at 4 weeks' postnatal 
age for 11 case-matched samples (P = .37). 

Bovine leptin initially was detected in the PFs as 
determined by RIA. After treatment with pancreatic 
lipase, leptin levels detected in powder or concen- 
trate formulas with the RIA were reduced to 2.8 
ng/mL. We found that the supplemental iron in PFs 
also produced interference (2.46 ng/mL), which ex- 
plained the low levels that we detected even after 
enzyme treatment. Emulsifiers are added to formulas 
to maintain homogeneity in the ready-to-use solu- 
tions. The formula manufacturers maintain emulsi- 
fier composition and concentrations as proprietary 
information. Therefore, we could not develop an 
RIA-emulsifier interference standard curve. To over- 
come this problem, we assayed ready-to-use and 
powder formulations for Neosure and Enfamil and 
found interference with the ready-to-use formula but 
not from the powdered form. This suggests that the 
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leptin levels that were detected initially most likely 
were attributable to interference from the added 
emulsifiers and iron. The European formula of Simi- 
lac has a different emulsifier preparation than that 
made in the United States and demonstrated no de- 
tectable leptin levels. Western blot analysis con- 
firmed that there was no detectable leptin protein in 
PFs (data not shown). 

Effect of Sterilization on Leptin Levels, Protein 
Content, and Fat Concentration in PBM 

Sterilization by the slow-heat (9.15 ± 9.72 ng/mL) 
or fast-heat method (9.17 ± 15.46 ng/mL) signifi- 
cantly decreased detectable leptin levels in PBM 
compared with unpasteurized PBM (25.37 ± 22.59 
ng/mL; P = .013 and P = .009, respectively). Similar 
to the effect on leptin, fast-heat pasteurization signif- 
icantly decreased the percentage of fat (P = .001). 
However, this effect was not seen with slow-heat 
sterilization (P = .39). Total protein content was not 
significantly decreased by either sterilization method 
(P = .36). There was no difference between the 2 
pasteurization methods on total protein content (P = 
.14). 

Effect of Delivery Method on Leptin Levels in PBM 
and PF 

There were no differences in either delivery 
method on leptin levels in PBM. Human leptin sup- 
plemented to PFs was recovered in full after mock 
feedings (Table 1). 

DISCUSSION 

We are the first to show that leptin is present in 
PBM. The leptin levels in human PBM were highly 
variable but similar to levels noted in term breast 
milk. 13 " 15 We did not measure leptin in premature 
fore- and hindmilk because leptin levels did not dif- 
fer in these. 18 Maternal factors 21-26 and neonatal fac- 
tors 21 ' 27 in part influence infant serum leptin variabil- 
ity. In our study sample, there was no effect of infant 
gender on breast milk leptin concentrations. The risk 
of a type II error may exist for gender, because the 
study sample size was not designed to answer this 
question. Whether the same factors that influence 
serum leptin levels also influence breast milk leptin 
concentrations warrants additional investigation. 

Breast milk leptin levels did not vary between 2 
and 4 weeks of postnatal age. This period may not be 
long enough to detect a change in PBM leptin levels. 
A previous study that investigated changes in breast 
milk leptin levels over time did not demonstrate 
an increase until after 4 weeks of lactation (D. 



TABLE 1. Leptin Levels (ng/ mL) in Spiked Preterm Formulas 
Before and After a Mock Feeding* 



Delivery Method 


SSC 


PE 




Baseline 


23.22 ± 0.17 


23.92 ± 


0.82 


Bolus 


20.49 ± 5.15 


19.53 ± 


2.6 


Continuous 


21.16 ± 1.5 


28.98 ± 


12.6 



* Values are means ± standard deviation. Spiking and delivery 
methods for Similac Special Care (SSC) and Premature Enfamil 
(PE) are described in "Methods". 



O'Connor, et al, unpublished data). We suspect that 
leptin concentrations in breast milk are not depen- 
dent on gestational age at time of birth. A change in 
the hormonal balance after pregnancy, such as a 
decrease in estrogen, progesterone, and possibly lep- 
tin, permits prolactin to initiate lactation. 

In addition to determining the presence of leptin in 
PBM, we investigated whether milk bank processing 
and feeding practices affected the quantity of leptin 
delivered to the infant. Pasteurization adversely af- 
fected PBM leptin concentrations, whereas method 
of delivery had no effect. Pasteurization did not 
lower total protein levels but did lower leptin levels. 
We speculate that this difference is because of irre- 
versible denaturation of leptin by heat. Although 
others 16 showed that fat sticks to the nasogastric 
tubing, the more recent work of Mehta et al 17 showed 
that milk fat does not stick. One possible explanation 
for this difference is that Stocks et al 16 used banked, 
pasteurized breast milk, whereas Mehta et al 17 used 
unpasteurized PBM. Pasteurizing the milk most 
likely disrupted the milk fat globules, allowing the 
fats to adhere to the tubing. In support of this hy- 
pothesis, we showed that leptin associated with milk 
fat globules does not stick to nasogastric tubing. This 
is important because very premature infants are fed 
by this method until they are able to coordinate their 
feeding reflexes. 

We hypothesized that premature formulas do not 
contain leptin because whey proteins added to for- 
mula are isolated from skim, bovine milk, and leptin 
associated with milk fat globules would be removed 
during the skimming process. On the basis of our 
study results, there was no detectable leptin in the 
formulas we analyzed. Although leptin can be added 
to formula and delivered through standard feeding 
methodologies, additional studies are necessary to 
determine how well leptin is absorbed by the prema- 
ture infant. Leptin may have a protective role for the 
premature infant who exists in a high-stress environ- 
ment. Premature infants often are catabolic and nu- 
tritionally deprived, which alters their immunologic 
status. Leptin affects immunologic potential by stim- 
ulating proliferation and differentiation of hemato- 
poietic precursors and increasing the number of mac- 
rophages and granulocyte colonies. 28 ' 29 This argues 
that administration of leptin to premature infants 
may be beneficial. Additional investigation into the 
role of exogenous leptin in PBM or supplemented 
formula preparations is warranted. 

CONCLUSION 
Our study is the first to show that leptin is present 
in PBM but not in PF. We showed that 2 methods of 
pasteurization significantly reduced the amount of 
detectable leptin in PBM. Common methods for de- 
livering food to premature infants did not affect lep- 
tin concentrations in either PBM or spiked PF. Ad- 
ditional studies are needed to determine the factors 
that influence PBM leptin levels. This may have par- 
ticular importance to the premature infant. 
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| Plasma leptin levels of large for gestational age and .small Tor 
^gestational age infants 
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Cinaz P, §en E, ttidcci A, Ezgii FS, Aliilay Y, Koea 8. Phisina leptin levels of large for gestational 
age unci small for gestational age infiints. Ada Indian* 1999; 8H: 753- 6. Stockholm. ISSN 0803- 
5253 

The hormone U*piin produced in ihe adiposis tissue is involved in the regulation of b(/dy weight. 
This, study investigates whether plasma ieplin levels are related it) an infant's birthweighl, and 
whether ihe levels change wilh feeding. We measured plasma Ieplin levels from infiints who were 
large for gestational age (it =21), small Tor gestational age (tt = 21). and appropriate for gestational 
age (tt = 20). Two blood samples were collected before ami after breastfeeding from each infant 
and plasma leptin concentrations were determined by radioimmunoassay. Leptin concentration was 
found to be increased in large for gestational age infants and to be decreased in small lor 
gestational age infants compared with Ihe level in appropriate for gestational age infants. There 
was a positive correlation between plasma leptin levels and both ihe infants' birlhweighls and the 
body mass indexes. Plasma Ieplin coneeniraiions were found i<i lie decreased during lasting und lu 
be increased after feeding (//<0.0I). Il is concluded thai the plasma Ieplin levels correlate with 
the size of adipose tissue nuiss ap'd are related to die ntMiiijomd stums, i Wn.w//m, irf*titi. nvwliom 

I'tttiii .Sti/icyi fiz^ii. Ktttttf'iu St*kuk. in*: <>/KK KtiU* Afit.. (uttkttya. Ankunt, f'tnkry (H\f\>it) 



?The ob gene product, leptin, is a hormone secreted by 
y pose tissue and is involved in body nutritional 
EhomeosUisis through Ihe control ol" appetite and energy 
lexpendilure (I). Circulating Ieplin concent rat ions are 
|ihcreased in obese children (2) and adults (I) compared 
iwith those thai are of normal weight (1,2). Lepliu levels 
l.are reduced aftei 1 fasting (3,4) and increased after 
Heeding (5,6). Specifically, changes in insulin levels are 
^paralleled to those in Ieplin during weigh I loss, fasting 
|and overfeeding ( 1 , 5, 6). 

J. This study was underlaken to investigate whether 
f jeptin might be a regulator of nutritional status during 
petal and neonatal life. Therefore, we investigated 
^whether plasma leptin levels are correlated with hirth- 
(Eweight and whether Ihey are reduced alter fasting. We 
plso investigated whether plasma Ieplin concentrations 
£are correlated wilh insulin levels, in healthy, exclu- 
sively breastfed, newborn infants. 



fSubjects and methods 

Mht local ethics committee approved the study, and 
^informed consent was taken from all of ihe parents. 
JSixty-two infants were studied, all delivered at term 
jpgestational age |GA| = 37 weeks). Twenty-one (II 
rls, 10 hoys) of 62 were large for gestational age 
IJLGA), 21 (li girls, 10 boys) of 62 were small for 
^gestational age (SO A) and 20 (10 girls, 10 boys) of 62 



were appropriate for gestational age (AGA). All were 
normal pregnancies. None of the bahics was taking 
medication or had any oilier illness, Uirihweight was 
assessed using a digital scale and I hen evaluated 
according to Luhehenco's intrauterine growth curve. 
Neonates wore classified as SGA or LGA if birthweighl 
was below die I0ih percentile or above the 90th 
percentile, respectively (7, K). 

Mean bixly mass index ( U Ml), defined as the weight 
in kilograms divided by ihe stpiare of the length in 
meters, was calculated (see "fable 1 for anthropometric 
data). There was statistical difference between each 
group in terms of weight (/> < 0.01 ). lilond samples for 
Ieplin determination were collected on the second 
postnatal day. All infants were exclusively breastfed. 
Two bloud samples were taken from each patient: 
before feeding and after feeding. The a fier- feeding 
sample was taken 30 min after feeding was completed 
and the hefore-feeding sample 2 b after feeding. All the 
babies were breastfed for at least 30 min before the 
blood samples were taken (9). 

Leptin, insulin and glucose levels were measured 
both in fasting and after feeding for each paticnl in the 
I XI A, SGA and AGA groups. Hlnod samples were taken 
in the early morning via a no. 23 buUerlly venous 
puncture set and were collected in ice-chilled plastic 
lubes containing 10 III licpai in/ml. Plasma was 
obtained by ccnirifugnlioii at 4 "(" for lOutiu and then 
•fro/.en at 70 t: G until the liote of assay. Leptin 
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Ttthlp /. Mean ± SI) values ctf :iiilhiopoiiic<riu datn r>f SGA, AGA uiitl LGA infants. 





GA (wkj 


Weigh! (g) 


Height (cm) 


BMI (tg/m 3 ) 1 ^ 


SGA (11=21) 


3832 :h LI3 


2312.86 ± 13.1.42 


47.14 ± 1.06 


10.42 i 0.74!l| 


AGA <// = 20) 


3v.l7± 1.19 


3247.50i31l.82 


50.45 ± 1.64 


12.74 ±0.82 la 


LGA (/i = 21) 


40.20 ± 1 .29 


4335.71 ± 114.17 


52.19 ± 1.03 


15.90 ±0.62^ 



Table 2. Comparison or plasma Icplin levels o! SUA and I.GA infanfs 
heforc ojkI ancr feeding. 





SGA (/i = 2l) 


LGA (fi = 2l) 


r- value 


Be fore -f ceding Icplin 








(ng/ml) 


2.23*0.75 


4.83 ± 1.84 


< 0.01 


Afler- feeding Icplin 








fng/i»l) 


2.75 +0.84 


11.41 :l:8.()6 


<0.0I 



concentrations were determined in plasma using a 
commercially available kil (Linco Research IMC, St 
Charles, MO). Insulin concenlralions were determined 
by radioimmunoassay (Diagnostic Products Corpora- 
tion, Los Angeles) and plasma glucose was measured 
willi glucose oxidase method with a glucose analyzer. 



Statistics 

Anthropometric data of the study population arc given 
as mean±SD. We used Hie Mann-Whitney lest lo 
evaluate possible differences in the plasma Eeptin 
concentrations between LGA, SGA and AGA infants. 
Multiple regression analysis was performed to evaluate 
die relation of the plasma leptin concentration lo 
birth weight, BMI and insulin levels. All analyses were 
l wo tailed and conducted will) the SPSS software 
(version 7.0 for windows). 



Results 

The mean plasma leptin concentration in LGA infants 
before feeding was 4.83 ± 1 .84 (range 1 .69-8.46) ng/ml 




and was 11.41 ±8.06 (range 2.1 1-30.87) ng/ml 
feeding. The mean plasma leptin concentration in 
infants before feeding was 2.29 ± 0.52 {range 1$ 
3.30) ng/ml and 3.37 ± 1,13 (range 1.23-5.48) n£ 
afler feeding. The leptin levels of LGA and' Aid 
infants were found lo be statistically different ; bi 
before and alter feeding (p < 0.01 ), The mean plas8 
leptin concentration in SGA infants was 2.23 ±S| 
(range 1 .22-3.96) ng/ml before feeding, and 2^ 
0.84 (range 1.68-4.48) ng/ml afler feeding; 
values were significantly lower than those of 
infants Q> < 0.01) (Table II). However, there wereg 
significant differences between the mean leptin co 
ccntrnlions of SGA and AGA infants. : j| 

Fasting plasma leptin of all three groups wi 
significantly lower compared lo those of satiety plasS 
leptin levels {j7 < 0.0 1) (Fig. 1). When the groups wg 
evaluated on gender differences, fasting and satj 
plasma leptins of females were significantly higher t 
the males in all groups. Additionally, body weight! 
BMI of females in all three groups were higher 1 
those of males. The plasma leptin concentrations M 
positively correlated with body weight, and Bfi 
(Tables 3, 4). 

A positive correlation between the plasma. lejiB 
levels and the insulin levels in LGA infants was fd 
(r = (K43, /;<0.05; r = 0.66, /;<0.0I, respective 
both in fasting and afler feeding (Tables 5, 6). |j 
same pattern was observed between the plasma !e 
levels and the insulin levels in AGA infants {r-Oi 

Table 3. The correlation between plasma Icplin levels and BM£ 
SGA, AGA and LGA infants before feeding. 



rig. /. Comparison of plnsinal Icplin levels of SGA. AGA and LGA 
in funis heforc and after feeding. 





Before-feeding Icplin 
(ng/mf) 


BMI tkg/m 2 ) 




SGA (» = 7.1) 
AGA (/i = 20) 
LGA (#1 = 7.1) 


2.23 ±0.75 
2.29 ±0.52 
4.8.1 ± LR4 


1 0.42 ±0.74 
12.74 ±0.82 
1590 ±0.62 


0.81*«9 
0.72»S§ 

°- 70 si 


** p<0.0l. 








Tnbte 4. The correlaiion between plasma leptin levels and BMljB 
SGA, AGA and LGA infants after feeding. 'Si 




A Her- Peed ing Icplin 
(ng/ml) 


BMI (kg/in a ) 


r-valueaj 


SGA 0) =21) 
AGA (/i = 20) 
LGA (n = 21) 


2.75 ±0.84 
337 :b 1.(3 
1 L4 1 ± 8.06 


10.42 ±0.74 
12.74 ±0.82 
1 5.90 ±0.62 


0.7S*|| 
0.68*^5 
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01 21 04:53 



Vicky Funanage 



302-651 -687G 



APjEDIATR 88 ( 1 9LH» 



U'pihi tevets of newborn 755 



s 5. Comparison of plasma leplin and plasma insulin levels of 
AGA and LGA infani.s before feeding. 



Before-feeding Jcpiin liefore-feeding insulin 
0>s/"il) Oiu/rnl) f-value 



*(fl = 21) 2.23*0.75 
> = 20) 2.29 ±0.52 
Wn*2l) 4.83±L84 



0.65 -J: 1.17 0.35 
1.39 ± 1.47 | ** 

2.29 rfc 1.33 0.43* 



: £<0.03, **/><0.0l. 
i 

Comparison of plasma Jcpiin and plasma insulin levels of 
,;AGA and LGA infants after feeding. 

Aikr-fccding leplin After-feeding insulin 
("g/ml) (uu/ml) rvalue 



2.49 ± 3.65 0.43 
2.47 i 2. 10 0.51* 
3.65 i 2.77 0.66** 



*Cfl = 2l) 2.75 ±0.84 
A(n=20) 3.37 =±r 1.13 
(n~2\) 1 1.41 ±8 .06 

><G\05, **/><0.0l. 



3:0.01; /- = 0.51, p<0.05, respectively) both in 
ngand after feeding. Before- feeding glucose levels 
f SGA, AGA and LGA groups were 34.24 ± 9.46 mg/ 
1:44.70 ± 6.26 ing/dl and 44.05 ± 1 ] .93 mg/dl, re- 
stively. After-feeding glucose levels of the SGA, 
GA and LGA groups were 51.24 ± 13.27 mgA!I* 
15 ± 10.43 mg/dl and 64.29 ± 13.31 mg/dl, respec- 



iscussion 

c obesity gene product, a 16 kD protein called leptin 
^synthesized and released exclusively from adipose 
^ue. Serum leptin concentrations are markedly 
jjyated in obesity (2, 10). In several studies, the scrum 
£tin ]evel in obese individuals has been found higher 
ropared to those of non-6besb v and low-weight 
dividuals (3). This picture, hasvbeen explained as 
prweight of fat mass. Leptin correlates most sig- 
'cantly with percentage body fat and less so with EMI 
(M2). We found that the plasma leptin levels in AGA 
.fonts were higher than those ol SGA infants, although 
ere wasn't a statistical difference and the levels were 
atistically lower than LGA infants. We also delcr- 
-ed that there was a positive correlation between 
'"^feeding and after-feeding leptin levels and body 
, t and BMI in our study. In the studies to determine 
tin levels in newborns, the leptin level in cord blood 
been studied. In a previous study, the leptin levels in 
,rd blood in LGA infants have been found to be higher 
an those of AGA infants and the leptin levels in cord 
pod of each LGA, SGA and AGA infants were 
^sitively correlated to the body weight and BMI (13). 
li our study, we collected blood samples from LGa| 
GAand AGA infants just after Hie first postnatal day in 
;der to determine the plasma leptin levels and observed 
t the cord leplin level findings in previous studies 



showed similarities with our plasma leptin levels. 
Marchini el al. (J 4) also measured the plasma leptin 
levels during the first four postnatal days as well as the 
levels in cord blood from LGA, SGA and AGA infants. 
We also measured plasma leptin levels on the first 
postnatal day, both before-feeding and after-feeding, 
which was not done in the previous studies. Further- 
more, it has been shown that the leplin levels change 
dramatically with a small change in body weight (1,6). 
This mechanism suggested that other factors as well as 
. .t?°dy weight regulate leplin production. One of these 
factors is claimed to be calorie intake (15, 16): With this 
assumption, we planned to study the tf^cis of feeding 
on the leptin levels. We therefore compared the plasma 
leptin levels of newborns before and after feeding. We 
observed that the plasma leplin levels before feeding 
.■w& r ?.Jwcr than after feeding, and we assumed that the 
r'^^Jeyeis are influenced by feeding; Bodeh et al. (1) 
suggested that the changes in leptin levels in Tasting and 
satiety conditions could be explained by the changes in 
insulin and glucose levels. In in vivo and in vitro studies 
ol experimental rats, it has been shown lhal exogenous 
insulin raises the leptin level by effecting the synthesis 
ol ob mRNA at the transcription and secretion phases 
(17), We found that the plasma leplin levels of LGA, 
SGA and AGA infants were positively correlated with 
lhe plasma insulin levels in our study. Finally, our 
findings support the notion that insulin influences 
plasma leplin levels. 

In summary, high plasma leplin levels in LGA infants 
and low plasma leptin levels in SGA infants and their 
relation to body weight and BMf indicate that leplin 
plays a part in the regulation of body weight in 
newborns, and can thus be assumed as a factor of 
intrauterine growth. 
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The Roles of Parathyroid Hormone- related Protein (PTHrP)and 
Leptin in Type II Cell Surfactant Synthesis. 

JS Torday , H Sun , W Ling , and E Torres . Harbor-UCLA Res & Ed Inst 

Mature adipocytes express leptin, the product of the fat cell-associated 
obesity gene, which is also expressed by the developing lung. We have found 
that PTHrP, a soluble growth factor synthesized by lung epithelial type II 
cells, promotes the differentiation of lipofibro blasts (LF). a cell type present 
in lung interstitium, into an adipocyte-like cell. We have also found that 
LF express leptin and that PTHrP stimulates leptin expression by LF. We 
isolated LF from fetal rat lungs (days 15-22 post-concept ion,pc), incubated 
them with and without PTHrP (5x10-7 M)for 15 h, and measured leptin 
mRNA by rtPCR and Northern blot analyses. LF express leptin beginning 
on day 18 pc in the absence of PTHrR increasing towards term (day 22pc). 
In the presence of PTHrP, LF express leptin earlier, beginning on day 17 
pc, and leptin expression is increased 2*3 fold. Lung epithelial cells express 
the leptin gp 130 receptor, suggesting a paracrine pathway between LF and 
type II ceils, driven by PTHrP. To test the functional integrity of the LF- 
type II cell pathway, we treated H441 cells with leptin (10 ng/ml/24 hours) 
and observed a 140-f /-30% increase in the rate of surfactant phospholipid 
synthesis. Since interleukins 6 and 11 also stimulate surfactant phospholipid 
and protein A and B expression via a gpl30 receptor mechanism, we speculate 
that leptin and interleukins affect type II cell surfactant expression through 
a common receptor- mediated pathway. Supported by NIH NHLBI Grant 
HL-55268 to JT. 
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GENE EXPRESSION PROFILING OF RAT HYPOTHALAMUS AND 
BRAINSTEM NEURONAL CULTURES AFTER ANGIOTENSIN II 
TREATMENT USING cDNA EXPRESSION ARRAYS. S. Gallinat. S. 
Busche. J.M. Moore. M R. Raizada. and C. Sumners Univ. of Florida 
College of Medicine and University of Florida Brain Institute, Gainesville, FL 
32610. 

Angiotensin II (Ang II) activates ATi- and AT 2 receptors located 
on neurons in the hypothalamus and brainstem resulting in a variety of 
physiological changes. In this study, we used cDNA expression arrays for 
high throughput gene expression profiling in neurons cultured from 
hypothalamus/brainstem of newborn rats. Highly purified total RNA from five 
independent experiments was pooled and used for the generation of probes. 
Out of the 588 genes present on the arrays, the expression of six genes 
(calmodulin, ribosomal proteins L19/S12/S29, ubiquitin and macrophage 
migration inhibitory factor) was increased by Ang II (100nM) after 1h and 
24hr. For example, Ang II increased calmodulin gene expression by 157% 
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Effect of Vitamin A on Surfactant Defirtencv in Experimental Congenital Diaphragmatic Hernia 
(CDH) In Rots 

B. Theh aud. A. M. Bariier-Mur. J. C*. Merrier. D. Tihhoc l . S Ar cher. A. T. Dinh-Xua n. J. Bourbon. 
Neonatology. Hopital Antotnc Beclcre-UPRES2704: Respiratory Iliysiolngy. Hopilal Cochin- Port- Royal; 
INSERMU3 1 9, Univcrsile Paris 7: PICU. Hopital Robert l>cbrc. Paris. France: Surgery . Sophia s Children 
Hospital, Rotterdam, The Netherlands: Cardiology. University of Alberta, Edmonton. AB. Canada. (Span 
hy: Judy Aschner) 

BACKGROUND: CD! I is a major cause of refractory respiratory failure in the newborn. Aside lung 
hypoplasia, (he pathophysiology of CDH also includes rung immatirrity. Vitamin A (vii A) plays an fmportanl 
role during lung development. We have previously shown that antenatal vii A treatment decreases the 
severity of CDH in rats by inducing lung growth. We now hypothesise thai antenatal vit A stimulate lung 
maturation in experimental CDH. induced in fetal rats by maternal ingestion of the herbicide Nitrofcn 
(2,4 -dichloro-phcny l-p-n itrophenyl-cthcr ). 

DESIGN/METHODS: Nitrofcn was administered lo pregnant rats «tn day 12 (if gestation (term 22 days). 
Rats were assigned to 4 groups: I : controls receiving olive oil; 2 : controls receiving one dt*sc of oral vit A 
( 15 000 III) on day 14; 3: Nitrofcn only; 4: Nitrofcn and vit A on day 14 . Rat pups were delivered by C- 
scclion al day 21 and sacrificd. The presence of CDH was assessed. The body and hmg wcighi and lung 
DNA content were determined. Lung surfactant was isolated by sucrose gradient ultracenlrifugation to 
quantify DSPC. the major surfactant phospholipid. 

RESULTS: In (he nilrofen group, lung DNA conicrn wa* lower ihan in controls (738±2t vs 1001+44 
Imicrpnlg/mg, pO pOJ). Vit A treatment on day 14 increased ihc DNA conlcnl 1867+29 [micron]g/mg. 
p<0.05 vs nitrofcn). The surfactant p<iol, expressed in nmol of DSPC per rung, was reduced by 34 T iiiihe 
nitrofcn group as compared with controls (p<0.05l. Vit A treatment on day 14 compensated this deficit 
(+21%. p<0.05 vs nitrofcn). DSPC* was propurttntinaly nK«re increased than DNA (DSPC7DNA ratio was 
38% over that in controls. (XO.OI ). There was no significant difference among groups 1 and 2. 
CONCLUSIONS: Vit A reduces the severity of lung hypoplasia and increases surfactant pool in this 
experimental model of CDH. Potential effects of nitrofcn and \il A on surfactant proteins SP-A. SP-B and 
SP-C are currently under investigation. 
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Leptin Mediates Parathyroid Hormone-Related Protein (PTIIrP) Effects on Alveolar Differentiation 
and Integrity 

( jlN^nj ifgSy. . I ionE.S»q t _yyang_Li ng^ E| vjruiTprns. PcdialricsA)b-Oyn. Center for Developmental 
Ittohigy. I (arbor -UC1 J\ Research Education Institute. Torrance, CA. 

OBJECTIVE: In our search for cellular and molecular mediators of mechanotransduction in the lung we 
have focused on the lir¥*fihrohlast(t.F). which plays an essential role in receptor-rncdiatcd signal transduction 
and normal development of the alveolar acinus. 

BACKGROUND: LFs produce gn>wth factors (e.g.. FGFs, IGFs). and under the influence of stretch 
(Torday et al. Am J Med Sei.lWR) promote the differentiation of both epithelial and vascular cells. The 
maturation of this adipocyte ! ike cell type and its production of soluble growth factors is stimulated by 
glucocorticoids and inhibited by androgens. Lcplin.the secreted product of the adipocyte obesity gene .is 
also bid! reet ionally regulated by these sicroirfs. Given these similarities between LF maturation and leptin 
expression, wc have explored the possible role of leptin in fetal lung development and stability. 
RESULTS: Thus far wc have found that fetal rat lung expresses leptin mRNA transcripts beginning on day 
el 7/el8. increasing sequentially on days c 19 and e20. reaching levels 200-300% greater than baseline by 
day e2l. Lung epithelial cells (primary fetal rat lung type II cells, human A549s and NC1-H44 Is) express 
the leptin receptor, and fetal rat lung LI*s express the leptin gene, suggesting a paracrine pathway from 
Tils to LFs. To lest the functional integrity of this pathway, wc initially treated Tils wilh leptin (100 ng/ 
ml/2-ih). and «>bservcd a 30-140* increase in the rate of surfactant phospholipid synthesis, depending on 
cell type and gestational nge. PTHrP and Prostaglandin E2, which arc produced by the mature alveolar 
type II cells in response to stretch, stimulate the expression of leptin by ItpttTibroblasts (60- 1 20%). closing 
the paracrine loop. To determine whether this mechanism functions in situ." we treated fetal rat lung 
e^phrnts (ct^T with PTHrP (5 x 10- 7M) and observed thnt-Jcptm a nt i bod y Sleeked its sti mu la t i on of 
surfactant phospholipid synthesis. Serial culture of e2l fetal rat lung fibroblasts results in decreased 
expression of both PTHrP receptor and leptin in association with increased expression of rt- smooth muscle 
actin. suggesting loss of this pathway with fibrosis. 

CONCLUSIONS: We conclude Hint leptin and PTHrP are important in ihe stretch-regulated establishment 
and integrity of the alveolar acinus. 
Supported by grant IIL-55268 to jt. 
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Lung Elastic Tissue Maturation and Distal Acinar Overdistension in Chronic Lung Disease (CLD) 
Donald W. T hibeaull. Sherry M. Mabjy, JkcchiikwuJ JF- kc Y&l iC^U.IiamJkTniPt. Neonatology. Chi f drcn's 
Mercy Hospital: UMKC. MO. 

OBJECTIVE: Our aims were: to quantitatc parenchymal and pleural elastic tissue in normal fetal 
development and in CLD-risk infants (23-30wks gestation (OA): lived 5-59d): to define the relationship 
between elastic tissue, mean airway pressure tMAP), and FO.: and. to correlate lung clastic tissue with 
total lung volume (TLV) and internal surface area (ISA). 

BACKGROUND: After I wk of age <30 wk GA infants have difficulty maintaining adequate FRC without 
PEEP. We hypothesized that this is. in part, dttc to increased lung clastic recoil and distal acinar volutrauma. 
DESIGN/METHODS: 22-5<>wk controls (u=7D receded ventilator care StRhr before death. CLD-risk 
infants, (n=44), were grouped based on respiratory score! SCORE KE FO, X MAP over d lived). SCORE 
(<20, 21-69 and 70-200) related to mild lo severe clinical lung disease. TLV was measured on fonna tin- 
fixed lungs. Paraffin sections were stained wilh Miller's. Parenchyma, parenchymal and pleural elastic 
tissue, septal width, alveoli and alveolar duct diameters, and ISA were measured. 
RESULTS: Mean absolute clastic tissue in the 20-69 SCORE group was 0.76 + 0.20 cm', versus the <20 
group (0.46 ± 0.10 cm': p<0.05) who were similar to controls. The 70-200 group was 1.32 ± 0.56 cm', 
greater than the 20-69 group. p<0.IX>l . Elastic tissue (percent of predicted for same ape cnnlrots) in CLD- 
risk infants, rose with increasing SCORE (n=0.73). 8°a of CLD-risk infants had TLVs > controls. 77% 
with SCORES 20-200 had IS As < com mis. Pleural clastic tissue. tpmVpm), increased with age and was 
not changed by CLD. All infants with SC ORES 70-100 and 80*> of those w ith SCORES 20-69 had septal 
widths controls. Alveolar and duet diameters were significantly greater in 20-200 SCORE infants than in 
controls. 

CONCLUSIONS: Wilh increasing SCORE, clastic tissue increased more than 200T. accounting, in part, 
for the PEEP needed to maintain FRC in CLD-risk infants. Saccule and duct diameters doubled, and septal 
width increased in CLD. We propose Ihe following CLD sequence: at birth, infants (<30 wks) have 
inadequate elastic tissue and clastic recoil, but high surface tension recoil. After surfactant treatment, 
surface tension recoil decreases, permitting saccules and ducts, with low elastic recoil, lobe over stretched 
by volutrauma. Lungs respond wilh clastosis. distorted acinar growth, and influx and up regulation of 
inflammatory proteins. This can be summarized: lung immaturity, inflammation, volutrauma. and clastic 
tissue alterations (LIVE). 
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Lack of Effect of Inhaled Nitric Oxide on Tracheal Aspirate Endothelial levels In Chronic Lung 
Disease of Prematurity 

William E. Truog- Ikcch ukwu I. Ekckczie. Harold A. Kaflan. Cheri A. Castor. Michael Norbcr g. Donald 
W. Thibeault. Perry L. Clark. Neonatology. Children's Mercy Hospital, Kansas City, MO; University of 
Missouri - Kansas City. Kansas City. MO. 

OBJECTIVE: In patients with early or established CLD, we determined I) if ET-I would be detected in 
tracheal aspirate and 2) if application of 1NO would alter tracheal aspirate levels of ET-1. We utilized 
samples collected as part of the safety arm of a phase 2 study of INO in CLD. 

BACKGROUND: Endothclin- 1 (ET- 1 ), a pulmonary vasoconstrictor and bronchoconstrictor derived from 
many cell types including rcspintlory epithelium, plays an unknown role in Ihc pathogenesis and progression 
of chronic lung disease of prematurity (CLD). Inhaled nitric oxide (INO), a pulmonary vast (dilating and 
hronchod dating gas. allows a reduction in F,0, needs during CLD in short-term use (Clark el al. Ped Res 
I999;45:I90A). 

DESIGN/METHODS: Twenty-three premature infants with CLD. age 1 5 to 98 days (median age 29 days) 
had tracheal aspirate samples collected before starting INO. 48 hr after initiation of INO. and 24-48 hr 
folk* wing terminal ion of INO therapy . All in ranis had radiographic findings of CLD, and were treated 
with assisted ventilation and F ( 0, of 0.7 1 ±0.2 1 (range 0.45- 1.0) lo maintain SnO, of 90%. Mean birth weight 
was 890 gin. ET- 1 was assayed by sandwich immunoassay (RAD Systems). Each sample was measured in 
duplicate. The CV for this assay is <6%. There was < 1 0% intra-assay variance over the range of 2-100 pg/ 
ml. To correct for variation in tracheal aspirate material dilution, each ET-I value was normalized by the 
peptide, soluble secretory component of IgA (SSC-lgA), measured in the same sample. 
RESULTS: Results showed a mean of 0.08±0.09 pg/ng SSC-lgA. Treatment for 48 hours with INO at a 
dose of 20 ppm had no significant effect on ET- 1(0.068±0.06 pg/ng SSC-lgA). Termination of INO after 
<7 days of decreasing therapy from 20 to 0 ppm did not result in a significant increase or decrease in 
tracheal aspirate ET- 1 levels (0.072if).049 pg/ng). There was wide inter-patient variability, but little inlra- 
patient variability with lime. Baseline values did not correlate with F,0 ; or postnatal age. 
CONCLUSIONS: This is the first report of infants wilh established CLD studied at this age lo demonstrate 
ET-I in tracheal aspirate, a location strongly suggestive of local pulmonary production. Administration of 
a short course of INO lo improve pulmonary gas exchange in CLD does not affect tracheal aspirate ET-I, 
nor does its withdrawal result in an increase in ET-l acutely. Given the mitogenic and pro-inflammatory 
properties of ET-!. .'.peciHc ET-i rcccpJ;;r antagnnists ~..-y be useful adjunctive therapeutic agents in this 
disorder. 
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Inhibitnn of Meconium Free Fatty Adds (FFA) hy Bovine Serum Albumin (BSA) tn Newborn Piglets 
with Meconium Aspiration (MA) 

Per A me Tollofsni d. Sverrc Mcdbo. Anne Beale Solas. Christian P r e von. Ola D id rik Saupst ad. Dept. of 
Pedatr. Res., Inst. Surg. Res., Tlie National Hospital, Oslo. Norway: I5cpt. of Pcdatr. Res., Insl. Surg. Res.. 
The National Hospital, Oslo. Norway; Dept. of Pedatr. Res.. Inst. Surg. Res.. The National Hospital, Oslo. 
Norway; Inst. Nutrition Res.. Univ. of Oslo. Oslo. Norway; Dept. of Pedatr. Res.. The National Hospital. 
Oslo, Norway. 

OBJECTIVE: To study the effect of BSA on meconium induced lung injury. 

BACKGROUND: Meconium FFA might be responsible for lung injury in meconium aspiration syndrome. 
BSA strongly binds FFA.. 

DESIGN/METHODS: FFA in meconium ( 1 1 0 mg/ml) was measured and BSA was added lo give a molar 
ratio FFA/BSA of 1 : L Newborn piglets (n=24) 0-2 d old and artificially ventilated were randomized to: I ) 
Hypoxemia, meconium and reoxygenation (n=l2). 2) Hypoxemia. meconium/BSA. and reoxygenation 
(n=l2). Hypoxemia was induced by ventilation with S% O.. Reoxygenation was started when mean blood 
pressure was <20 mmHg or base excess <-20 mmol/L. Meconium or meconium/BSA was instilled 
intratracheally at start of reoxygenation. The piglets were ventilated for 8 hours. 

RESULTS: There was a significant group by time effect in favor of the meconium/BSA group in: dynamic 
lung compliance |C (ml/cin Wp)\. time constant FTc (ms)]. mean airway pressure [MAP (cm H.O)|. 
inspired fraction of O, [Fi OJ. oxygenation index {Oil and ventilation index |Vl|. Mean ±SEM. *p < 0.05 
group by lime. 

At Rh.rcox. C Tc MAP Fi02 Ol VI 

Mec. 0.810 1 9?f6 Jn+1.2 ,35±O.I 6.1 ±1.9 61.519.6 

MccJBSA l.2±0.1* H5±I2* 7.7+TJ.7" ,25+O.P >.R±0.6* 4t.8±6.7» 

CONCLUSIONS: Blocking of meconium FFA wilh alhumin significantly attenuates detrimental effects 
on the lung. This could represent a new principle in treating newborn babies with severe MA. 
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Early High Frequency Oscillatory-Optimization Strategy 01-1 to 10-31-1999 

A.M. Valido. J. Nona. M. Nogueirn. D. Virella T. Costa. Dr. A.Costa Maternity, NICU, Lisbon, Portugal. 
(Spon hy: Jerold Luccy) 

AIMS: Determination of the results of our experience with early high frequency oscillation (HFOV) using 
an optimal lung volume recruitment (optimization strategy) before surfactant administration. 
DESIGN/METHODS: This study is based on rclrospeclive analysis of all newborns (NB) wilh gestacional 
age £ 34 weeks ventilated with early HFOV/optimization strategy at Dr. A. Costa NICU Maternity from 
January I lo October 31. 1999. 

RESULTS: Between January I and October 31,1 999. we have ventilated 1 00 NB in our NICU wilh early 
HFOV / optimization. The birth weight was under 1500 g in R4% and under 1000 g in 47%. The average 
(median) of gestational age and birth weight was. respectively. 28 weeks and 1040 g. 

The Optimization time had a median of 90 minutes and the optimization CDP and R02 was 12.00 and 
30%. Surfactant was administered in 76*. 

Concerning the time of HFOV ventilation and Ihe lime of oxygen therapy the average (median) was 
respectively three and sixteen days. PDA has found respectively in 36% of survivors, PIE and pneumothorax 
was observed in 12% and 10% of our population and IVH grade III-1V was verified in 7%. CLD (36 w) 
occurred in 7.6%. The mortality of our population was 8 %. 

CONCLUSIONS: We have begun HFOV/optimization strategy only on January 1999. However according 
with our previous experience as to HFOV after a short period of conventional ventilation and as to rescue 
HFOV we have verified that early HFOV with optimization strategy (using an optimal lung volume 
recruitment) before surfactant administration, shortens the need for respiratory support and oxygen therapy. 
When we analise our two groups of HFOV with and without optimization in NB less than 29 weeks we 
verified statistically significant differences concerning Ihc ventilation time, lenght of oxygenation. Icnght 
of stay. CLD. ROP and mortality in the group with optimization. The incidence of I^H grade HMV in our 
populatton with HFOV/Optimization is much lower than in the group with optimization. 
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Pulmonarv surfactant in health and hitman lung diseases: state of the art. M. Griese. 
© ERS Journals Ltd 1 999. 

ABSTRACT: Pulmonary surfactant is a complex and highly surface active material 
composed of lipids and proteins which is found in the fluid lining the alveolar surface 
of the lungs. Surfactant prevents alveolar collapse at low lung volume, and preserves 
bronchiolar patency during normal and forced respiration (biophysical functions). In 
addition, it is involved in the protection of the lungs from injuries and infections 
caused by inhaled particles and micro-organisms (immunological, non-biophysical 
functions). 

Pulmonary surfactant can only be harvested by lavage procedures, which may dis- 
rupt its pre-existing biophysical and biochemical micro-organization. These limita- 
tions must always be considered when interpreting ex vivo studies of pulmonary 
surfactant. 

A pathophysiological role for surfactant was first appreciated in premature infants 
with respiratory distress syndrome and hyaline membrane disease, a condition which 
is nowadays routinely treated with exogenous surfactant replacement. Biochemical 
surfactant abnormalities of varying degrees have been described in obstructive lung 
diseases (asthma, bronchiolitis, chronic obstructive pulmonary disease, and following 
lung transplantation), infectious and suppurative lung diseases (cystic fibrosis, pneu- 
monia, and human immunodeficiency virus), adult respiratory distress syndrome, 
pulmonary oedema, other diseases specific to infants (chronic lung disease of pre- 
maturity, and surfactant protein-B deficiency), interstitial lung diseases (sarcoidosis, 
idiopathic pulmonary fibrosis, and hypersensitivity pneumonitis), pulmonary alveolar 
proteinosis, following cardiopulmonary bypass, and in smokers. 

For some pulmonary conditions surfactant replacement therapy is on the horizon, 
but for the majority much more needs to be learnt about the pathophysiological role 
the observed surfactant abnormalities may have. 
Eur RespirJ 1999; 13: 1455-1476. 
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Pulmonary surfactant components and 
their dysfunction 

Pulmonary surfactant is a complex and highly surface 
active material composed of lipids and proteins which is 
found in the fluid lining the' alveolar surface of the lungs. 
Surfactant plays a vital role in pulmonary physiology. Its 
major biophysical functions are to prevent alveolar 
collapse at low lung volume and to preserve bronchiolar 
patency during normal and forced respiration, and its major 
nonbiophysical, immunological, functions are the protec- 
tion of the lungs from injuries and infections caused by 
inhaled particles and micro-organisms. 

A pathophysiological role for surfactant was first ap- 
preciated in premature infants with respiratory distress 
syndrome (RDS) and hyaline membrane disease, a condi- 
tion which can nowadays be treated by means of ex- 
ogenous surfactant replacement. Various other lung diseases 
are associated with surfactant abnormalities, and in some 
of these diseases replacement therapy is on the horizon. In 
this article, the data on the human surfactant system in 
health and in various disease conditions are reviewed and 
an overview of potential dysfunctions is given. 



The composition and structure of pulmonary surfactant 

Pulmonary surfactant is heterogeneous with respect to 
biochemical composition, morphological organization and 
specific biophysical functions [1]. Biochemically, pulmo- 
nary surfactant is composed of approximately 90% lipid 
and 10% protein, the latter representing the four sur- 
factant-associated proteins surfactant protein (SP)-A, SP- 
B, SP-C and SP-D, as well as a large number of other, 
mostly serum-derived, proteins. A schematic illustration 
of these components and their relative sizes is given in 
figure 1. 

The majority of pulmonary surfactant lipids are 
phospholipids. The most abundant phospholipid, phos- 
phatidylcholine, is largely disaturated dipalmitoylphos- 
phatidylchoiine (65%), which plays an essential role in 
decreasing surface tension. Pulmonary surfactant also con- 
tains a relatively large portion of phosphatidylglycerol. Stu- 
dies suggest that, in surfactant, phosphatidylglycerol can 
be replaced by another negatively charged phospholipid, 
namely phosphatidyl inositol, without affecting the surfac- 
tant's properties of lowering the surface tension at the air- 
water interface from —70 mN-m" 1 at a pure water-air 
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Fie 1 - Schematic structure and relative size of the principal compon- 
ents of pulmonary surfactant. The phospholipids (PL) are shown in the 
form of a bilaycr, omitting the various other structural torms ot 
organization demonstrated by electron microscopy, e.g. vesicles, sheets, 
tubular myelin, and lamellar bodies. Surfactant protein (SP)-A is shown 
as an octadecamcr with a bouquet-like appearance, and SP-D is depicted 
as a dodecamer with a cross-like structure. The carbohydrate recognition 
domains of these two proteins are shown as globular formations. SP-B is 
shown as a monomer, although a significant amount of dimers are 
present in the airspaces. SP-C is depicted as an integral membrane 
monomer. PL: phospholipids. 



interface to approximately 0-1 mN-m" during expiratory 
compression [I]. Little is known about the role of the 
other lipid components, of which cholesterol is the most 
abundant (approximately 10% by mass), the other neutral 
lipids occurring in trace amounts only. 

The most abundant SP by weight is SP-A. The SP-A 
monomer (molecular weight approximately 32 kDa) is a 
glycoprotein with three distinct structural domains [2, 3]. 
A long stretched collagenous domain is connected via a 
luiking region (possibly responsible for the binding of 
phospholipids) to a globular region. This region contains 
a calcium-dependent carbohydrate recognition domain 
(CRD) which is able to bind both lipids and type II cells, 
as well as other structures (e.g. surfaces of micro-organ- 
isms). A complex oligosaccharide is also attached to this 
region of the SP-A molecule. Because of their mixed 
collagen-like and globular structure, such molecules are 
called collecting The fully processed and secreted form 
of SP-A consists of 18 SP-A monomers (octadecamer or 
six trimers), organized by means of covalent disulphide 
bridges and noncovalent interactions in the shape of a 
bouquet of tulips (fig- 1)- The two genes for human SP-A 
are located on chromosome 10 and are expressed in 
alveolar type II cells, bronchiolar Clara cells and airway 
submucosal gland cells. SP-A and SP-B (see below) both 
have a role in the conversion of endogenous surfactant 
into tubular myelin. SP-A accelerates the adsorption of 
surfactant phospholipids at the air-water interface, stimu- 
lates the defence system which depends on macrophages 
[4], reduces the inhibitory effect on surface activity of the 
nonsurfactant proteins within the alveolar space and pos- 
sibly plays a role in the regulation of surfactant homeo- 



stasis, since it inhibits surfactant secretion and increases 
the uptake of surfactant by type II pneumocytes [5, 6]. 

SP-D is the second hydrophilic surfactant protein and 
also a collectin [3, 4, 7]. The collagen-like domain of SP- 
D is much larger than that of SP-A and is attached di- 
rectly, without a connecting region, to the CRD domain. 
The molecular weight of the SP-D monomer is approxi- 
mately 43 kDa. The native SP-D found in the lungs 
consists of 12 SP-D monomers, three of which are joined 
to form a trimer. Four trimers form a cross-shaped mol- 
ecule (fig. 1), as demonstrated by electron- microscopic 
investigations. This cross-like structure (width of the 
molecule approximately 92 nm) may bind to bacterial 
lipopolysaccharide (LPS) and to cell surfaces, forming 
larger networks of cells or bacteria. In addition, a receptor 
which binds SP-D independent of its CRD domain has 
recently been identified on alveolar macrophages [8]. SP- 
D is also expressed in type II cells and in Clara cells, the 
gene being located on chromosome 10. The majority 
(70%) of SP-D is found dissolved in the watery surfactant 
residue, whereas SP-A, SP-B and SP-C are almost en- 
tirely found in association with lipids. SP-D is able to 
bind phosphatidylinositol and ceramides but not much is 
known about its influence on the regulation of surfactant 
homeostasis. Recently, however, disturbances if surfac- 
tant metabolism have been reported in SP-D knock-out 
mice. SP-D does not play a role in the biophysical func- 
tions of surfactant. 

Intra-alveolar SP-B is a hydrophobic, positively charged 
molecule with a molecular weight of approximately 8 kDa. 
SP-B is coded for by a gene on chromosome 2, which is 
expressed in the lung by type II cells and- Clara cells. A 
large preprotein is processed intraceilularly to form the 
active SP-B molecule (fig. 1). SP-B is found mainly in the 
form of a dimer in the alveolar space, with two SP-B 
molecules linked to each other via disulphide bonds. The 
main function of SP-B is to accelerate the formation of a 
surface active film composed of phospholipids at the air- 
water interface by means of an increase in the adsorption 
rate by a factor of > 150. This effect is further accelerated 
by the presence of calcium ions such that mixtures of 
phospholipids and SP-B display almost the same bio- 
physical properties as whole lung surfactant. SP-B m 
conjunction with SP-A and calcium ions is also involved 
in the formation of tubular myelin. SP-A is found at every 
vertex of the lattice structure of these aggregates and 
determines the distance by which the lipid lamellae which 
are associated with SP-B are separated. 

SP-C is the only surfactant protein which is expressed 
exclusively by type II cells in the mature lung. The human 
gene is found on chromosome 8 and SP-C, too, is trans- 
lated as a larger preprotein and processed intraceilularly. 
The active molecule is a very hydrophobic polypeptide to 
which two palmitoyl groups are attached via covalent 
bonds (molecular weight 4 kDa) (fig. 1). The main func- 
tion of SP-C is to maintain the biophysical surface 
activity of the lipids. This occurs through an acceleration 
of the rate of adsorption at the air-water interface as well 
as through an increase in the resistance of surfactant to 
inhibition by serum proteins or by oedema fluid. SP-B 
and SP-C also increase the uptake of phospholipids into 
type II pneumocytes. SP-C stabilizes the surface activity 
of the surfactant film during the expansion and com- 
pression involved in breathing. 
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Biophysical functions of pulmonary surfactant (table I) 

The notion that surface tension is more important than 
tissue elastic forces for the retractive force of the lungs at 
all levels of inflation was first expressed by Neergaard [9] 
in 1929. The surface tension of the alveolar air-water in- 
terface provides this retractive force opposing lung infla- 
tion. The law of Laplace illustrates that the difference in 
pressure between the airspace and the lining (AP) de- 
pends only on the surface tension (T) and the radius of the 
aiveoii (AP~2 T/r). Tne presence of surfactant in the fluid 
film can lower air— water surface tensions to near zero 
values (table I). This ensures that the alveolar space 
remains open during the whole respiratory cycle, thus 
preventing intrapulmonary shunts resulting in inadequate 
oxygenation of the blood, and this also leads to reduced 
work of breathing. 

Increasing evidence suggests that surfactant is needed 
not only in the alveolar part of the lung but also in the 
bronchioli through which air is conducted to the alveoli 
[10-12]. In vitro and in vivo studies have shown that a 
lack of surfactant leads to closure of the small cylindrical 
airways. In addition to this, the presence of phospholip- 
ases, proteases and exuded plasma proteins, in inflamed 
airways might severely disrupt the functional ability of 
surfactant to keep the conducting airways open [13]. 

Low surface tension is also important for ensuring that a 
net fluid flow is directed from the alveolar space into the 
interstitium [14]. This mechanism is of particular import- 
ance in the alveoli, because of their small diameter In 
such areas, with a relatively high surface tension, a thick- 
er fluid film may develop. Thus a well-functioning surfac- 
tant keeps the alveoli clear of liquid while also maintaining 
a thin fluid film. A lack of surfactant, conversely, leads to 
the accumulation of oedema fluid in the airspace. 

Lastly, pulmonary surfactant is believed to play a role in 
the physical removal of particulate material from the 
alveoli and small airways by means of the displacement of 
particles into the hypophase and improvement of muco- 
ciliary clearance. 

The moiecuiar detaiis of surfactant dysfunction are large- 
ly unknown. Some of the mechanisms which may lead to 
impaired surfactant function in pathological states are 
listed in table 2 and will be referred to when the individual 
diseases are discussed. 

Table 1 . - Functions of pulmonary surfactant 



The functions of surfactant in host defence 

The phospholipid components in large abundance un- 
der normal conditions (in neonates, phosphatidylcholine, 
phosphatidylglycerol and phosphatidylinositol) have been 
shown to suppress various lymphocyte and macrophage 
immune functions, whereas SP-A and SP-D have been dem- 
onstrated to activate several immune cell functions (table 
1) [3, 4]. However, there is as yet no information avail- 
able on the in vivo relevance of these findings. 

SP-A. specifically interacts with alveolar macrophages 
and increases the intensity of their respiratory bursts, mig- 
ration, chemotaxis and complement-dependent and inde- 
pendent phagocytosis. While SP-A stimulates the formation 
of cytokines and immunoglobulins by lymphocytes, the 
surfactant lipids inhibit lymphocyte proliferation and im- 
munoglobulin production. SP-A binds to LPS, group A 
streptococci, pneumococci, Staphyloccus aureus, Myco- 
bacterium tuberculosis. Haemophilus influenzae type A, 
influenza A virus, herpes simplex virus type 1 , Candida and 
Pneumocystis carinii. Specific binding of SP-A to carbo- 
hydrates such as asialo-GM2, Galactosyl eramide and gp 
120, amongst others also takes place [3, 4]. SP-A also 
binds to specific receptors on type-IT cells and is probably 
involved in the regulation of surfactant secretion and 
reuptake. 

For SP-D there are no functions known that are related 
to the biophysical. activity of surfactant. This molecule may 
be of great importance for the nonadaptive defence system 
of the lung. SP-D has specific binding sites on alveolar 
macrophages, can induce a "respiratory burst", and 
stimulates their phagocytotic activity. SP-D also binds to 
polymorphonuclear granulocytes, LPS, Escherichia coli, 
Pseudomonas aeruginosa, Influenza A virus and R carinii 
The precise overall roles played by SP-A and particularly 
SP-D in pulmonary host defence have yet to be elucidated 
[4]- 

Extracellular surfactant metabolism 

After synthesis by type II pneumocytes, surfactant is 
secreted into the alveolar space. This process of exocytosis 
is regulated by various stimuli [15, 16] and dependent on 
ontogenesis [ 1 7]. In the alveolar space and in the presence 
of calcium, SP-A and SP-B, the highly surface active 



Biophysical functions of surfactant 

Prevents collapse of the alveoli and lungs during expiration 
Supports inspiratory opening of the lungs 

Prevents lung oedema formation by balancing hydrostatic filtration forces 
Stabilizes and keeps small airways patent 
Improves mucociliary transport 

Translocates particles <6 |im into the hypophase of the epithelial lining fluid 

Facilitates removal of particles and cellular debris from the alveoli into the large airways by lowering surface tension during end- 
expiration 

Immunological, nonbiophysical surfactant functions 

Phospholipids suppress the proliferation, immunoglobulin production and cytotoxicity of lymphocytes 
Phospholipids inhibit endotoxin-stimulated cytokine (TNF, IL-1, IL-6) release from macrophages 
SP-A and SP-D modulate the phagocytosis, chemotaxis and oxidative bursts of macrophages 
Neutralization of endogenous mediators like radicals and reactive oxygen species 
SP-A and SP-D opsonize various micro-organisms for easier phagocytosis 
Binding and capture of bacterial toxins by SP-A and SP-D 



TNF: tumour necrosis factor, IL: interleukin; SP: surfactant protein. 
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Table 2. - Potential mechanisms leading to im paired biophysical surfactant function in the lungs 

Reduced amount of whole surfactant complex 

Altered proportions of individual surfactant components (e.g. PC, DPPC, PG. PI. SP-A, SP-B, SP-C) 
Increased amounts of "nonsurfactant" phospholipids [e.g. PE, PS. LPC) 
Damage caused by lipolytic or proteolytic degradation 
Oxidative degradation or inactivation of surfactant components 

Lack of functionally active surfactant fraction {e.g. tubular myelin, large aggregate forms) 
Impaired enzymatic conversion of large into small surfactant aggregates 

Presence of large amounts of inhibitory compounds in t he alveolar and bronchiolar airspaces (e.g. fibrinogen, amino acids) 

PC: phosphatidylcholine; DPPC: dipalmitoyl-PC; PG: phosphatidylglycerol; PI: phosphatidylinositol; SP: surfactant protein; PE: 
phosphatidylethanolamine; PS: phosphatidylserine; LPC: lyso-PC. 



tubular myelin is formed. From these structures, lipids 
can rapidly adsorb to the air-water interface and form a 
surfactant Film. It is not yet clear whether the film is 
composed of a molecular monolayer or of several layers 
of phospholipids. When the surfactant film is compressed 
and decompressed during breathing, the nonsaturated 
phospholipids and protein components are squeezed out, 
leading to an enrichment of dipalmitoylphosphatidylcho- 
line and so to a reduction in the surface tension to very 
low levels. Surfactant vesicles, in both uni- and multi- 
vesicular form, are created within the aqueous hypophase. 
The smaller vesicles are taken up preferentially by the 
type II pneumocytes and reutilized for surfactant syn- 
thesis. Under normal conditions, approximately 50% of 
the surfactant present in the alveolar space is in the form 
of functionally active large aggregates (LAs), and approxi- 
mately 50% in the form of small surfactant vesicles 
(small aggregates (SAs). This ratio is established in the 
neonatal period, during the first 24 h of life, and can be 
changed in pathological states [18]. Although an enzym- 
atic activity appears to be involved in these processes, the 
exact sequence of individual surfactant forms are still not 
clearly understood. 



Techniques for the recovery of surfactant 
from the lungs 

Pulmonary surfactant, found in the alveolar space, can 
only be harvested by lavage procedures, using a broncho- 
scope or a catheter and blind suctioning. During this pro- 
cedure, the normally air-filled airspaces which are covered 
by a very thin film of epithelial lining fluid are flooded 
with saline, ^fhis process disrupts the pre-existing biophys- 
ical and biochemical organization of this microenviron- 
ment and may generate surfactant forms that do not exist 
in vivo and mix together forms that are separated in vivo. In 
addition, the fluxes of fluid and solutes between the inter- 
stitial or vascular compartment and the alveolar space 
introduce some major uncertainties that make precise es- 
timation of the amount of epithelial lining fluid sampled 
and the dilution from the procedure itself impossible [19]. 
This is not an insurmountable limitation in studies of the 
surfactant system in health and under various disease 
conditions, but this limitation must always be considered 
when interpreting ex vivo studies of pulmonary surfactant. 

For bronchoalveolar lavage (BAL) the bronchoscope is 
wedged in segmental or subsegmental bronchi, thus in- 
cluding the airway surfactant material of some 15-18 gen- 
erations of bronchi and bronchioli into the total lavage 
sample. However, the majority of this airspace material is 



thought to derive from alveolar surfactant which has been 
transported by ciliary beating and other mechanisms. SP-A 
and SP-D are also produced within the airways. Therefore, 
it appears reasonable to separately analyse the sequential 
BAL aliquots, i.e. to separate at least the fust and the 
following pooled samples. However, this has rarely been 
performed in studies of human surfactant. Whereas the use 
of a bronchoscope as opposed to blind suctioning is not 
expected to make much difference (no direct comparisons 
are available), the total amount and the size of the aliquots 
of lavage fluids instilled appear to be of great importance. 
In children <20 kg body weight (bw), often 3 or 4 aliquots 
of 1 mL-kg bw* 1 , and, in persons >20 kg bw, 20 mL ali- 
quots up to a total of 3 or 4 mL-kg bw" 1 have been used for 
BAL. Others have used 40-60 or 100 mL aliquots in 
adults. In adults, no differences in differential cell counts 
are observed with these volumes [20]. When a lower 
volume is instilled, the more proximal airspaces are more 
likely to be sampled. For routine use, for all age groups, a 
total volume of 4 mL-kg bw" 1 is proposed. It should be 
instilled in aliquots of 1 mL-kg bw" 1 and the initial (bron- 
chial) aliquot can be separated from the three successive 
(alveolar) aliquots. Lastly,' even differences between diff- 
erent regions of the lungs may exist. Therefore, the samp- 
ling site should be consistent and indicated in the methods 

When the cells are separated from the lavage fluid, 
centrifugation forces of much >200 x g should be avoided 
in order to prevent some of the larger aggregated forms of 
surfactant (e.g. tubular myelin) being lost to the cell pellet. 
Importantly, the lavage fluid should not be frozen before 
processing the cells. The lavage supernatant may be ana- 
lysed as such or separated further by differential centri- 
fugation into various fractions (fig. 2). Unfrozen material 
is preferred; if this is not possible, it should be indicated. 
A surfactant-rich pellet (LAs) is generated by centrifu- 
gation at 28,000-73,000 xg. A number of groups use 
40,000 xg [18, 23-25]. The supernatant obtained from 
this centrifugation step is the SA fraction of the surfac- 
tant. A somewhat more purified surfactant fraction can be 
obtained by differential density gradient centrifugation 
[26, 27], but these methods have been used rarely for 
lavage samples from humans. Although not all biochem- 
ical and biophysical surfactant markers have been inves- 
tigated, relatively good agreement has been demonstrated 
for some parameters between density gradient centrifu- 
gation and the more simple centrifugation procedures 
[22]. 

Material sampled by bronchial lavage differed in bio- 
chemical composition from that sampled by BAL, but was 
similar to sputum [28, 29]. The latter has also been used as 
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Fig. 2. - Preparation of surfactant from bronchoalveolar lavage fluid, a) 
After removal of the cells at low speed (200 x g) to prevent the large 
surfactant aggregates (LA) from sedimenting, LA and small surfactant 
aggregates (SA) are separated by means of either ultracentrifugation 
(UC) at 40,000 or, on the basis of their density, sucrose (SDG) or 
other density gradient centrifugation. b) Sucrose density gradient cen- 
trirugation profile. The ratio of SA/LA recovered with the two methods 
is comparable (author's own unpublished results and additional infor- 
mation from Veldhuizen et ai [22]). 

a noninvasive source of material, however sputum is a 
mixture of surfactant from the alveoli as well as inflam- 
matory cells and material secreted from mucous and other 
glands in the air space. It is,_therefore, not easy to separate 
a fraction of surface active -material* from sputum [29]. 

For neonates or infants on ventilators low volume lavage 
procedures (approximately 1 mL-kg bw" 1 ) are routinely 
used and appear to sample rather distal airspaces [18, 30], 
as demonstrated by the biochemical surfactant profile and 
the morphological demonstration of lamellar bodies, but 
the exact area of the lavage is not known. Recently it was 
shown that, in neonates, there were no differences in the 
biochemical composition of the secretions with respect to 
a small collection of markers irrespective of whether or 
not additional fluid was instilled [31]. A direct compari- 
son of some biochemical markers showed greater simi- 
larities between newborn tracheal aspirates and bronchial 
lavages than BALs [28]. Similar to BAL, no good marker 
for dilution by the lavage procedure exists [32]. 

It is very important to realize that none of the many 
studies reviewed in this paper used identical methods for 
harvesting surfactant from the lungs and analysis of its 
properties. Therefore, all comparisons and conclusions 



must be made with great care and have to be related to their 
own controls. Also? BAL fluid recovery must not only be 
given but should also be considered when calculating the 
results, as this may change completely the conclusions to 
be drawn [33]. Reasonable technical recommendations 
for the lavage procedure are awaited to allow better 
standardization (Task Force of the European Respiratory 
Society). Lastly, the interpretation of BAL data in func- 
tional terms is most difficult, since the relevance of subtle 
changes in the quantity of alveolar lining fluid compo- 
nents is just beginning to be explored. 

Status of pulmonary surfactant in humans 

A large amount of data with relevance to the human lung 
surfactant system under normal and various pathological 
conditions has been collected, using approaches which 
" differed to a greater or lesser extent with respect to patient 
selection aiuf methods used. Only those studies reporting 
data in appropriate units, e.g. expressed per lavage vol- 
ume recovered, were included in the analysis. However, in 
order to allow an estimate of the order of magnitude of the 
parameter, the means or medians of the major biochemical 
and biophysical surfactant parameters were collected and 
the means calculated (table 3). Valuable additional in- 
formation not fitting into this format is given in the text. 
For the sake of clarity, the various diseases were grouped 
into certain categories, knowing that there is substantial 
overlap. Instead of reporting the numerical results of the 
individual studies, the data are summarized in table 4 by 
indicating the qualitative changes observed. Each symbol 
represents the result obtained in comparison with the 
appropriate control group: 

Healthy controls and smokers 

No systematic and large scale studies of the pulmonary 
surfactant system in healthy adults are available. However, 
as there is a wide range of variation even within normal 
subjects, each lavage study should analyse its own control 
groups for comparison. Most of the variation is likely to be 
caused by the different methods used to obtain the lavage 
fluids, prepare the surfactant and analyse its composition. 
An appropriate meta-analysis cannot be performed on 
these heterogeneous studies. Generally, in the lavage super- 
natant obtained from healthy adults phosphatidylcholine 
and phosphatidylglycerol together make up approximately 
80% of total phospholipids and the surfactant-specific 
proteins represent <10% of total protein (table 3). The 
minimal surface tension varies widely and several studies 
reported values in healthy control subjects well above 0 
mN-m' 1 [23, 37, 47]. These differences may, in part, re- 
late to the different methods used for lavage and sample 
preparation, as low minimal surface tensions were ob- 
tained with complete natural surfactants, but not with 
lipid extracts, by some of these groups [29]. Issues related 
to the technical differences between the various pulsating 
bubble surfacto meters are currently being addressed in a 
European multicentre quality control trial of various la- 
boratories operating a surfactometer. 

In healthy children and neonates, it is not possible, for 
ethical reasons, to perform lavage procedures solely to 
obtain representative data. However, lavages may be 
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Table 3. - Surfactant in bronchoaiveolar lavage fluid from 
healthy persons __ 

Component 



Total protein mg mL" ^ 
Total phospholipid mg mL" 
Phospholipid class % total 
Phosphatidylcholine 
Phosphatidylglycerol 
Phosphatidylinositol 
Phosphatidylethanolaniirie 
Phosphatidylserine 
Sphingomyelin 
Lysophosphatidyichoiine 
Surfactant proteins (SP) 
ugmL' 1 
SP-A 
SP-B 
SP-C 
SP-D 

Minimal surface tension 
mN-m" 1 
Bubble surfactometer 
Wilhelmy balance 



No. of 


Content or 


studies 


activity 


13 


0.09±0.03 (0.04-0.15) 


22 


0.04±0.03 (0.01-0.13) 


23 


68.7±9.3 (53.1-83.8) 


19 


12.6±4.7 (8.3-27.4) 


17 


4.1±3.3 (1.2-13.5) 


21 


5.3±4.9 (0.3-21.0) 


16 


2.3il.6 (0.0-5.7) 


20 


3.3±2.6 (0.8-8.3) 


17 


i.Oii.i (0.0-4.5) 


12 


4.5±4.8 (0.8-15.0) 


4 


4.9±7.0 (0.7-15.3) 


0 


ND 


2 


1.1 ±03 (079-1.3) 


5 


9.6±10.5 (0-23) 


3 


24.3±13.6 (9-35) 



Data are presented as meamfcSD with range in parentheses, and 
were calculated from 33 studies [21, 23, 25, 34-63] in which the 
results were expressed as concentrations in the volume re- 
covered- These studies used relatively small numbers of subjects 
(14.0±8.2, range 4-50). The experiments with the pulsating 
bubble surfactometer were performed at various phospholipid 
concentrations (2.7±1.3 mg mL -1 , range 1.8-5) and values ob- 
tained after >3 min were used for calculations. 

performed in all age groups during anaesthesia for elective 
surgery for other reasons in children without pulmonary 
diseases. Concentrations of SP-A and total phospholipid 
appear to be age-dependent [64]; however, in that study, 
the number of individuals was rather low and, for tech- 
nical reasons, the amount of lavage fluid instilled per 
syringe was only increased with weight in children 
weighing <20 kg- Above that weight, i.e. from approxi- 
mately 8—10 yrs onward, multiple aliquots of 20 mL were 
used The nonlinearity associated with this technical 
modality may have contributed to this result. 

A very early study on BAL fluid from smokers showed 
reduced levels of total phospholipid [65], whereas in later 
studies theserwere normal [44, 49, 50] or even increased 
[46]. The markedly reduced level in the study of Finley 
and Ladman [65] may be explained by the lower recovery 
of BAL fluid in heavy smokers, which returned to normal 
with cessation. Overall the phospholipid profile did not 
alter very much; two studies demonstrated increased 
fractions of phosphatidylethanolamine [46, 50], whereas 
one did not [49]. The levels of the surfactant proteins SP- 
A and SP-D were reduced [44]. In addition, the surface 
activity was impaired [60, 66]. The functional relevance 
of these findings in smokers are not yet clear. Reduced 
levels of SP-A and SP-D might be associated with im- 
paired innate host defence [4], and thus contribute to the 
greatly increased rates of respiratory tract symptoms pres- 
ent in smokers, especially with the increased mortality 
from influenza and pneumonia [67]. Importantly, smokers 
cannot be included in groups of healthy controls in 
studies on BAL. 



Obstructive lung diseases 

The potential role of pulmonary surfactant in obstructive 
airway disease has recently been reviewed in detail [68]. 
Unfortunately, there is not yet much human data available 
clearly supporting a significant pathophysiological role 
for a deficient surfactant system in obstructive lung dis- 
ease (table 4). 

Asthma. Sahu and Lynn [69] characterized the lipid and 
fatty acid composition of lavage fluids in great detail; 
unfortunately, they did not have sufficient material from 
healthy volunteers for comparison. In children, lavage 
levels of phosphatidylcholine were reduced [87]. Rec- 
ently, it was reported that, during an acute asthmatic 
attack, the surface activity of sputum is reduced and that 
it recovers with improved clinical condition [70]. Seg- 
mental allergen challenge in asthmatics results in func- 
tionally impaired surfactant which cannot maintain the 
patency of the small bronchiolar airways [88]; this was 
mainly caused by increased protein leakage into the air- 
spaces. In stable asthmatics, SP-A was found to be 
reduced (table 4) [62]. 

Bronchiolitis. A deficiency in SP-A, dipalmitoylphosphat- 
idylcholine and surfactant function was demonstrated 
during acute viral bronchiolitis in infancy, induced by 
respiratory syncytial virus (table 4) [71]. 

Chronic obstructive pulmonary disease. In nonasthmat- 
ics chronic obstructive pulmonary disease (COPD) pa- 
tients who were smokers, a marked (6-7-fold) decrease in 
total phospholipid in BAL fluid was found with almost 
no changes in phospholipid composition [89]. Unfor- 
tunately, cigarette smoking, which is a major cause of 
COPD, itself induces the same changes (see above), 
thus making it impossible to differentiate between the 
two conditions on the basis of the available data. Also, 
normal phospholipid composition, in COPD, has been 
reported (table 4) [39]. 

Lung transplantation. In animal experiments the role of 
surfactant in the preservation of lungs during storage be- 
fore transplantation, reduction of reperfusion injury and 
graft function after lung transplantation have been inves- 
tigated for a long time, but only recently have data 
become available for the human system. In adult lung 
transplant recipients pulmonary surfactant activity was 
impaired irrespective of episodes of infection or rejection 
[72]. The ratio of SAs to LAs was increased and a re- 
duced content of SP-A has previously been reported 
[73]. No correlations of surface activity with pulmon- 
ary function data or time after transplantation were 
observed. Thus, a persistent impairment of biophysical 
surfactant properties was found which may contribute to 
graft dysfunction. The potential benefit of exogenous 
surfactant therapy needs to be assessed in these patients. 
In summary, there is increasing evidence for significant 
contributions of surfactant disturbances to the pathology of 
obstructive lung diseases. These are likely to be related to 
biophysical impairment of surfactant function, especially 
in the small airways. In addition, decreased levels of SP-A 
suggest altered lung collectin function in these diseases. 
Many more data on humans are needed to fully evaluate 
these long-standing and intriguing hypotheses. 
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Infections and suppurative lung diseases 

Cystic fibrosis. Bronchial lavage studies in cystic fibro- 
sis (CF) patients demonstrated an extremely decreased 
phosphatidylcholine content [90] and an increased mole 
fraction of arachidonic acid among the phospholipids 
[91]. The results are very similar to those reported for 
tracheobronchial surface active material obtained from 
sputum [29]. Although, the percentage of phosphatidyl- 
choline was reduced, the concentration of SP-A was 
increased. The minimal surface tension of CF secretions 
was similar to that of secretions from adult patients with 
tracheostome [29]. Compared to normal children, the sur- 
face activity of bronchial surfactant was worse in children 
with CF [92]. A recent study, using a lavage technique 
that very probably recovers mainly bronchial material in 
addition to alveolar surfactant, did not find any differ- 
ences between very young healthy children with stridor 
and CF patients of a comparable age. However, another 
group of CF patients who were currently suffering from 
infection and inflammation (bacteria, increased interleu- 
kin-8 and lavage fluids neutrophils >50% of total cells) 
also had increased SP-A levels (table 4) [47]. This study 
suggested that there is no primary abnormality of bron- 
chial surfactant in CF and that the ongoing endobronchial 
inflammation results in (secondary) surfactant abnormal- 
ities. 

Studies on BAL fluid from somewhat older CF patients 
who had a chronic airway disease found severe alterations 
even in the alveolar compartment (table 4) [23, 69]. Im- 
pairment of surfactant function was mainly due not to in- 
hibition by serum or other exuded compounds, but rather 
appeared to be related to a reduced concentration of SP-A 
and surface active phospholipid [23]. The reasons for the 
reduction in SP-A concentration may include altered 
recovery of lavage fluid from damaged airspaces, binding 
to mucus, reduced production or increased proteolytic 
degradation. 

In summary, in CF, functional and biochemical , sur- 
factant abnormalities develop with progressing disease; 
this is supported by correlations between surfactant param- 
eters and clinical or lung function data [23]. Additional 
studies which are more carefully related to the actual 
clinical presentation of the patients are needed. 

Chronic bronchitis. Changes similar to those observed 
in CF have_i>een reported in chronic bronchitis, but no 
good controlled studies are available [92, 93]. 

Pneumonia. Changes in pulmonary surfactant during bac- 
terial pneumonia have been noted for a long time [94], but 
data from human subjects is scarce (table 4). Generally SP- 
A concentration was found to be reduced [25, 34, 95] and 
SP-B unaltered. In children with pneumonia, the level of 
phosphatidylcholine in lavage fluid was reduced [87]. 
Changes in the phospholipid profile appeared to depend 
on the type of pneumonia, being most pronounced in 
interstitial pneumonia [25, 39]. Surfactant in these dis- 
eases also had the worst surface activity in comparison to 
other severe lung diseases [25]. The fatty acid composi- 
tion of the phospholipids was changed, palmitic acid 
(16:0) being significantly reduced [96]. These relatively 
consistent data support the view that functional surfactant 
abnormalities are associated with pneumonia. Almost all 
of the potential mechanisms leading to impaired sur- 



factant function are likely to be involved to varying 
degrees (table 2). Altered surfactant composition during 
the course of pneumonia may be of especial functional 
relevance in critically ill patients needing mechanical 
respiratory support. The results from the first interven- 
tional studies are described below. 



Acquired immune deficiency syndrome related lung dis- 
ease. In patients with human immunodeFiciency virus 
(HIV) and P carinii pneumonia, a reduction in BAL 
fluid total lipids to approximately 50% was observed 
(table 4) [74]. This appeared to be mainly due to a de- 
crease in phosphatidylcholine levels. In the lavage fluids 
an increased phospholipase A 2 activity was also noted. 
This increase in lipolytic activity, up to 30-fold, might be 
one of the mechanisms responsible for the decreased 
amount of total phospholipid in pneumonia (table 2). The 
lack of a concomitant increase in lysophosphatidylcholine 
and free fatty acid concentrations may be accounted for 
by rapid metabolism of these compounds [74]. In ad- 
dition, further mechanisms, e.g. a reduced production of 
surfactant by alveolar type II cells, may operate (table 2). 
The exact pathophysiological relevance of increased 
levels of phosphatidylglycerol and cholesterol [59] are 
not yet precisely known. Others have also demonstrated 
increased percentages of phosphatidylglycerol (measured 
together with phosphatidylethanolamine) [37]. Interest- 
ingly, this is in contrast to most other conditions with 
perturbation of the surfactant system, like pneumonia, 
adult respiratory distress syndrome (ARDS), interstitial 
lung disease and, also, the immature lung (table 4). Simi- 
larly and very consistently, SP-A levels were increased in 
AlDS-related pneumonia [53, 75]. However, a decreased 
SP-A level was characteristic of HIV status itself in the 
absence of P. carinii. Indeed HIV-positive patients with 
Pneumocystis had significantly higher SP-A levels than 
HIV-positive patients without [61]. Those patients who 
underwent BAL after 21 days of therapy for Pneumo- 
cystis, and showed a complete resolution of the infection, 
showed a significant drop in their SP-A concentrations at 
follow-up lavage [61]. The relationship between BAL 
SP-A concentration and the amount of Pneumocystis in 
these patients may be related to SP-A binding to Pneu- 
mocystis in the airspaces [3] or to alterations in surfactant 
protein homeostasis with HIV infection. The increased 
attachment of M. tuberculosis to alveolar macrophages in 
the presence of BAL fluid from HIV-infected individuals, 
was identified as being caused by SP-A [75]. Thus, SP-A 
is believed to mediate the first critical step in the es- 
tablishment of a tuberculosis infection in HIV-infected 
patients. Increased levels of SP-A in the presence of 
Pneumocystis might, therefore, explain the increased risk 
of tuberculosis, even before there is a significant loss of 
CD4 lymphocytes [97]. 

In summary, the data clearly show specific abnormal- 
ities in the lipid and protein components of surfactant in 
HIV. It is tempting to speculate that, especially, interfer- 
ence with the host defence functions that are attributed to 
SP-A may be of pivotal relevance to the numerous pulmon- 
ary insults associated with progressive HIV infections. 
However, much more data from humans are needed to 
understand the relationship between surfactant components 
and cellular elements like lymphocytes, alveolar macro- 
phages and alveolar epithelial cells and the various regula- 
tory mediators released. 
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Acute lung injury/adult respiratory distress syndrome and 
pulmonary oedema 

Pulmonary surfactant in ARDS is characterized by a 
decrease in the percentage of phosphatidylcholine [38, 52, 
54-56] and phosphatidylglycerol in total phospholipids 
[25, 38, 39, 54-56], decreased concentrations of SP-A 
[25, 38, 56] and reduced surface activity [25, 38, 56], 
whereas the percentage of phosphatidylinositol in total 
phospholipids [25. 38, 52, 54-55] is increased (table 4). 
The changes in phospholipid profile observed in patients 
with sepsis-associated ARDS were very similar to those 
in patients with trauma-induced lung injury (54, 56]. A 
close inverse correlation between the phosphatidylcho- 
line concentration and respiratory failure score [55] or arte- 
rial oxygenation [98] was observed. The ratio between 
SAs and the more surface active LAs was significantly 
increased in patients with ARDS in comparison to non- 
ARDS patients [24]. Although such alterations in surfac- 
tant were not observed in all ARDS patients, surfactant 
abnormalities are thought to contribute significantly to 
lung dysfunction, as demonstrated by successful trials of 
exogenous surfactant administration (see below). Very 
early, Petty and coworkers [99, 100] had reported in- 
creased film compressibility, but normal minimum sur- 
face tension in patients with ARDS. It is very likely that 
several if not all of the mechanisms listed in table 2 are 
involved in the pathogenesis of the observed changes. 
The huge leakage of various plasma proteins into the 
lungs with consequent biophysical inactivation of the 
surfactant is of major importance. This was demonstrated 
by recombination experiments using proteinaceous super- 
natants from BAL samples from patients with ARDS. 
These markedly and dose-dependently inhibited surfac- 
tant function, in contrast to those from normal controls 
[25]. Subsequently, surfactant synthesis, surfactant secre- 
tion and other impairments in alveolar type II cell 
function appear to be of additional major importance. 

Patients at risk of ARDS, e.g. after trauma and hypo- 
tension, multiple blood transfusions, sepsis, pancreatitis, 
near drowning or other insults [381, have already demon- 
strated decreased levels of total phospholipids and SP-A, 
increased lysophosphatidylcholine and a significantly 
altered surface activity. In addition to these findings in a 
study investigating sequential changes in surfactant pa- 
rameters, the ratio of SAsto LAs was elevated and the 
static compliance of the respiratory systems was inversely 
related to minimal surface activity [101]. Thus, during the 
early clinical disease course with merely ARDS predispo- 
sition, profound alterations of the endogenous surfactant 
system are present. Whether these early abnormalities 
may be used as specific predictors of outcome is . ques- 
tionable as several other lung diseases exhibit similar 
changes. Overall, a knowledge of these biochemical and 
biophysical surfactant abnormalities in ARDS and their 
consequences such as atelectasis formation, loss of com- 
pliance, ventilation-perfusion mismatch, and lung oedema 
formation have resulted in several successful therapeutic 
approaches. The precise role of a new therapeutic modal- 
ity, e.g. exogenous surfactant substitution, is currently 
being defined in clinical trials (see below). In addition, 
the impact of the surfactant abnormalities on host defence 
mechanisms, chronic inflammatory responses and repair 



processes including the generation of residual lung fibro- 
sis are just beginning to be unravelled [3, 4]. . 
. In patients with hydrostatic pulmonary oedema, signifi- 
cantly reduced amounts of phospholipid were recovered by 
BAL. The phospholipid partem was changed similarly to 
that noted in ARDS, except that the levels of phos- 
phatidylserine, phosphatidylinositol and lysophosphatidyl- 
choline were unaltered [52]. Although no assessments of 
functional surfactant activity were made, the authors 
hypothesized that the magnitude of the alterations alone 
was not sufficient to cause prolonged respiratory failure. 
In contrast, except for elevated total protein concentra- 
tion, others did not find any differences with respect to 
phospholipid composition, SP-A and SP-B levels, and 
surface activity in their patients with cardiogenic lung 
oedema (table 4) [25]. Shimura et al [102] noted in- 
creased levels of SP-A in sputum and aspirated airway se- 
cretions in patients with cardiogenic pulmonary oedema, 
ARDS and clinically stable congestive heart failure. 

These data are in line with those reported for patients at 
risk of- ARDS and support the view that secondary ab- 
normalities of the surfactant system may develop very rap- 
idly and early on in acute lung injury and pulmonary 
oedema. The functional relevance of such alterations needs 
to be tested in clinical trials aimed at correcting surfactant 
abnormalities or, better still, preventing their emergence. 

Surgical procedures involving extracorporeal membrane 
oxygenation and surfactant function 

Procedures which involve extracorporeal membrane 
oxygenation and hypothermia, e.g. for cardiac surgery, 
may induce an acute lung injury. Although rare in adults 
(<2%), the frequency increases in high risk groups, such as 
infants of <1 yr of age [103], older patients and with 
increased duration of extracorporeal membrane oxygena- 
tion and hypothermia. The lung injury is mainly initiated 
by shear forces and from contact of the venous blood with 
the nonphysiological surfaces of the extracorporeal cir- 
cuit, resulting in activated platelets and polymorphonuc- 
lear granulocytes, mediator release and activation of the 
complement and kail ikrein-kinin systems [104]. Infants 
with congenital cardiac lesions who were already under- 
going mechanical ventilation because of respiratory 
failure and who were operated on with the support of 
a heart-lung machine, were subjected to lavage before 
and 1 h after cardiopulmonary bypass. The intervention 
increased the SA/LA ratio significantly, indicating a re- 
duced amount of the surface active LA fraction; un- 
fortunately no more direct assessment of the functional 
state of the surfactant was made [105]. Serial smali- 
volume bronchial lavages were analysed in infants <1 yr 
of age who were operated on with the support of a heart- 
lung machine [106]. In agreement with the study of 
McGowan et al. [105], Griese et al. [106] found impaired 
surfactant function as indicated by a deterioration in 
surface activity from day 0 to day 3 after bypass. The 
levels of total protein, phospholipid, SP-A and SP-B were 
increased on day 0 and 1 after bypass and then returned to 
the range of the normal control group [106]. These data 
suggested that there was a significant ftinctional impair- 
ment of the surfactant activity that was not compensated 
for by a concomitant increase in SP-A and SP-B levels. 
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The most likely mechanism involved was surfactant in- 
activation by means of leakage of proteinaceous oedema 
fluid into the airspaces. In contrast to these findings, 
Marcatili etal [107] described reduced amounts of total 
phospholipid in BAL fluids 24 h and 8 days after surg- 
ery using extracorporeal circulation in adults. They also 
observed alterations in the phospholipid composition (de- 
creased phosphatidylglycerol and increased phosphati- 
dylinositol and sphingomyelin concentrations). All these 
changes were reported to be prevented by treatment with 
ambroxoL However, due to the very limited number of 
subjects (five in each of the two groups), the data must be 
interpreted very cautiously and further studies are 
necessary to precisely define the role of ambroxol. 

In a heterogeneous group of infants with respiratory 
failure, SP-A level was decreased [108]. After being put 
on extracorporeal support (without hypothermia), the SP- 
A concentration recovered towards normal values with 
time. Lung compliance was also increasing; unfortunate- 
ly, no other measurements on the surfactant system were 
made [108], These data suggest that the lungs are able to 
recover despite ongoing insult from extracorporeal 
membrane oxygenation. 

In summary, the available data clearly support the view 
that in high risk groups, such as infants, during extensive 
extracorporeal support and hypothermia, functional and 
biochemical disturbances to the surfactant will occur. Fu- 
ture studies should include additional control groups, e.g. 
patients also undergoing a cardiac operation but without 
extracorporeal support or hypothermia, to more precisely 
assign the potential different effects of these interventions. 



Diseases specific for neonates and infants 

Neonatal respiratory distress syndrome. Avery and Mead 
[109] were the first to directly document functional 
pulmonary surfactant deficiency in the watery lung ex- 
tracts of infants dying from neonatal RDS (hyaline mem- 
brane disease). This was confirmed by several other 
investigators [110-118]. Immunohistochemical studies 
demonstrated a lack of SP-A in infants dying before 48 h 
of life and intense staining of proliferating type U cells for 
SP-A in those surviving >48 h [119]. 

In neonates with RDS, the most striking and consistent 
finding is a lack, or a greatly reduced amount, of phos- 
phatidylglycerol [76, 78, 80, 1 20] in addition to increased 
surface tension [120, 121] and decreased amounts of total 
phospholipid and SP-A (table 4) [77, 79]. In contrast to 
most other diseases investigated, studies in neonates have 
primarily used tracheobronchial aspirates or small-vol- 
ume lavages instead of BAL. This approach appears to be 
valid, although, as discussed above, the compartment that 
is sampled is likely to be somewhat more proximal in the 
lung. 

Unfortunately, a large number of studies cannot be dir- 
ectly compared with these data or those obtained by BAL 
because the data are merely expressed as ratios of other 
parameters of the samples. However, some important fea- 
tures may be derived from these studies, e.g. an acceleration 
of pulmonary surfactant maturation in stressed pregnancies 
after prolonged rupture of the membranes and treatment 
with isoxuprine, and after treatment with corticosteroids or 
a delay in pregnancies with maternal diabetes and hypo- 



thyroidism [122, 123]. More detailed analyses have been 
-performed on dipalmitoylphosphatidylcholine and its 
fatty acid composition in order to monitor the maturation 
of the surfactant system in RDS [124-126]. It is not clear 
whether the observed differences in phospholipid compo- 
sition may differentiate infants with RDS with surfactant 
deficiency from those with transient tachypnoea of the 
newborn [127] or not [128]. The sensitivity of phospha- 
tidylglycerol or of the lecithin/sphingomyelin ratio in 
predicting RDS was high (90-100%), but the specificity 
was relatively low (50-95%) [129], Prenatal dexametha- 
sone treatment had no effect on the concentration of 
surfactant phospholipids, but improved the surface activ- 
ity of surf act arit isolated from airway specimens, de- 
creased the amount of, and inhibition by, nonsedimental 
proteins and increased the responsiveness to exogenous 
surfactant treatment [130]. Postnatal dexamethasone treat- 
ment had similar effects [131], and SP-D levels were also 
shown to be increased [132]. The lack of SP-A in infants 
with RDS increases their susceptibility to surfactant in- 
hibitors [129, 133]. With recovery from RDS, the amount 
of SP-A [77, 134, 135] and the hydrophobic surfactant 
proteins increased [135]. The SP-A in infants with RDS 
exhibited a lesser degree of post-translational modifica- 
tions than that from controls [134]. 

The complex changes occurring during the postnatal 
course in infants with RDS and exogenous surfactant 
administration have been used to estimate the surfactant 
half-life and turnover times of pulmonary surfactant com- 
ponents [76, 78, 126]. 

Taken together, these data give a detailed picture of the 
pulmonary surfactant system in neonates with RDS, show- 
ing decreased concentrations of total phospholipids, dipal- 
mitolphosphatidylcholine, phosphatidylglycerol and SP-A, 
a reduced surface activity and the modulation of surfactant 
by various influences. The functional biophysical rel- 
evance of an impaired surfactant system is immediately de- 
monstrated by surfactant substitution, as described below. 
Issues regarding the host defence aspects of surfactant in 
this age group are currently being addressed in ongoing 
studies. 

Meconium aspiration syndrome. Although various in 
vitro and animal studies suggest surfactant dysfunction 
after meconium aspiration and surfactant administration 
appears to be of benefit (see below), no biochemical or 
functional data from human neonates have yet been 
presented. 

Congenital diaphragmatic hernia. In infants with congeni- 
tal diaphragmatic hernia, a primary surfactant deficiency 
is unlikely; however, a secondary surfactant deficiency 
after respiratory failure may be involved [136]. Thus, 
surfactant substitution might be of help in this condition. 

SP-B deficiency. SP-B deficiency is a genetic disorder 
which occurs in (mature) newborns with severe respira- 
tory distress at birth. Despite extracorporeal membrane 
oxygenation [137], glucocorticoids and exogenous sur- 
factant substitution [138, 139], this condition leads to 
death within the first year of life. BAL reveals a lack of 
SP-B and abundant aberrant pro-SP-C. Imrnun ©histo- 
logical studies -of lung tissue show quantitative and 
qualitative abnormalities of SP-A and SP-C [140]. The 
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ratio of phosphatidylcholine to sphingomyelin is reduced. 
Various mutations, including a mutation on chromosome 
2 (121ins2), result in the same histological picture, i.e. an 
alveolar proteinosis. One infant, however, with the typical 
clinical picture of congenital alveolar proteinosis syn- 
drome, had an abundance of SP-B [140]. Currently, lung 
transplantation represents the only treatment option [141]. 
Recently, transient SP-B deficiency has been reported in a 
term infant with severe respiratory failure [142]. These 
data show another example where analysis of the pul- 
monary surfactant system has resulted in the definition of 
new disease entities which are associated with a clearer 
definition of treatment options and prognosis. 

Nosocomial infection in ventilated preterm neonates. 
Long after resolution of neonatal RDS, deterioration of 
respiratory function in ventilated premature infants dur- 
ing severe nosocomial infection is often observed. Gram- 
positive Staphylococcus epidermidis is the principal 
organism isolated from these extremely immature infants 
who suffer from relative immunodeficiency. During this 
period, the total amount of phospholipids recovered was 
decreased, in particular the content of phosphatidylcho- 
line in the surfactant SA fraction was reduced [18]. A 
concomitant increase in lysophosphatidylcholine suggest- 
ed increased activity of phospholi pases during this type 
of hospital-acquired pneumonia in extreme neonates 
with relative immunosuppression. There were no other 
changes in the phospholipid composition. The surface 
activity of the surfactant recovered in the LA fraction 
was reduced during the peak of infection and returned 
towards normal levels afterwards; a close correlation 
with respiratory support, expressed as the oxygenation 
index, was observed [143]. The impaired surface activ- 
ity was not explained by leakage of serum proteins into 
the airspaces. Unfortunately, no measurements of SP-A 
were made. 

The data suggest secondary functional and biochemical 
surfactant abnormalities during sepsis and severe nosoco- 
mial infection of the lungs in these immature neonates. 
Although very difficult to carry out, more studies with the 
appropriate control groups are necessary, as well as 
controlled and prospective trials of the effect of exogenous 
surfactant therapy during such episodes. 

Chronic lung disease of prematurity or bronchopulmon- 
ary dysplasia. The only available study suggests reduced 
levels of phosphatidylcholine, but no functional measure- 
ments have been performed so far (table 4) [35]. 

Sudden infant death syndrome. Surfactant isolated from in- 
fants who died of sudden infant death syndrome (SIDS) 
contained a reduced amount of phospholipid and had a 
composition that was altered to a similar degree to that 
found in RDS, except that the phosphatidylglyceroi 
content was not decreased (table 4) [80, 81]. In a pro- 
spective study, a reduced content of dipalmitoylphos- 
phatidylcholine was similarly found and appeared to be 
related to the presence of bacterial organisms with re- 
ported phospholipase A 2 activity, and not to other factors 
investigated [144]. In addition to these biochemical data, 
several studies have found consistent functional sur- 
factant abnormalities, resulting in high minimum surface 
tensions and impaired hysteresis loops (table 4) [81, 145, 
146]. Similar observations were made in two infants with 



recurrent cyanotic episodes [147]. In contrast, others 
found unchanged pressure-volume characteristics in 
whole lungs from infants who died of SIDS [148]. 

Taken together, these data strongly suggest primary or 
secondary surfactant abnormalities in infants dying of 
SIDS. Future studies assessing the genetics of pulmonary 
surfactant components in population based studies [149] 
might be helpful in identifying the subgroup at increased 
risk of SIDS 



Interstitial lung diseases 

Sarcoidosis. Tne majority of studies on patients with sar- 
coidosis do not suggest derangements in surfactant phos- 
pholipids [36, 40, 58, 62]. Only one of five studies 
showed a slightly decreased phosphatidylcholine content 
and an elevated level of phosphatidylethanolamine [48]. 
- No measurements of surface activity have been report- 
ed. Whereas van de Graaf et al. [62] found unchanged 
levels of SP-A, Hamm et ai [82] reported increased SP-A 
and total protein. SP-D levels were unchanged (table 4) 
[43]. Although it is likely that a closer consideration of 
the disease state might reveal a more specific picture, 
based on the data reported, sarcoidosis does not appear to 
be a lung disease associated with major abnormalities of 
pulmonary surfactant. 

Idiopathic pulmonary- fibrosis. Several studies have 
shown reduced amounts of total phospholipid recovered 
from BAL fluid in patients with idiopathic pulmonary 
fibrosis (1PF) in comparison to normal volunteers [36, 
40, 48, 58]. Others found slightly increased [51] or 
unchanged levels [45]. No correlations with the state of 
the disease were made. In addition, the percentage of 
phosphatidylglyceroi [5 1 ] was reduced (table 4). In one 
study, the content of SP-A was unchanged [34], whereas it 
was reduced in another [51]. In a second study, these 
authors also showed that the reduction in SP-A predicted 
survival [150]. Thus, it is very likely that the surfactant 
alterations are specific for the disease state. The level of 
SP-D was in the range of normal controls [43]. 

In summary, IFF is associated with secondary alterations 
to the biochemical composition of pulmonary surfactant- In 
addition to a reduction in the total phospholipid, the 
phosphatidylglyceroi fraction is decreased, whereas phos- 
phatidylinositol is increased. Decreases in SP-A were 
predictive of survival. The value of SP-A in indicating 
outcome at a potentially reversible phase of the disease 
must be determined in fijture studies. The roles surfactant 
components may play in immunomodulation, especially 
during early disease states, need to be addressed. 

Hypersensitivity pneumonitis. In acute hypersensitivity 
pneumonitis, also called exogenic or extrinsic allergic al- 
veolitis, the total phospholipid concentration was unchan- 
ged [48] or increased [46], whereas the principal 
surfactant phospholipid phosphatidylcholine was reduc- 
ed. There were no alterations to the other phospholipids. 
SP-A concentration was increased in BAL fluid [82, 83]. 
One month after treatment. SP-A levels were unchanged, 
although all patients were clinically improved [83]. Also, 
in alveolar macrophages, SP-A content was increased 
[151]. However, these data are difficult to interpret as it 
has been shown that SP-A antibodies detect blood group 
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A antigenic determinants and the blood group distribution 
in these patients is not known [152]. Although the 
pathophysiological role of the increased SP-A levels in 
this condition is unclean it is very likely that, in addition 
to the known immunological consequences of the chan- 
ges in surfactant lipids in hypersensitivity pneumonitis 
(see below), the immunomodulatory functions of SP-A 
are also of relevance. Future studies will have to clarify 
the exact modulatory role of SP-A to give new insights 
into the mechanisms of this disease and to open new 
therapeutic approaches. As in other interstitial lung dis- 
eases, no assessments of the surface activity of the 
surfactant material recovered have yet been reported 
(table 4). 

Other interstitial lung diseases. In asbestosis, SP-A level 
appeared to be increased (table 4) [63]. In patients with 
silicosis, the total phospholipid recovered was reduced 
[36]. This finding is somewhat unexpected because rat 
animal models of silica-induced lung injury lead to 
alveolar proteinosis. Among other potential explanations, 
differences in the causative agent (complex natural silica 
dust versus purified silica slurry) or different disease 
states, which have unfortunately not been characterized 
very well, may be responsible for some of the changes. 

Pulmonary alveolar proteinosis 

Pulmonary alveolar proteinosis (PAP) is characterized 
by abundant periodic acid-Schiff (PAS)-positive material 
that fills the alveolar spaces. This material mainly repre- 
sents pulmonary surfactant phospholipids and protein 
components. PAP is a heterogeneous group of diseases 
which are divided into a congenital form (SP-B deficiency, 
see Diseases specific for neonates and infants), paedia- 
tric forms and adult forms. For the paediatric forms of 
PAP, which are at least 10 times less frequent than the 
adult forms, no biochemical surfactant analysis is yet 
available in the literature. A male infant with PAP who 
presented with failure to thrive and atrophy of the intes- 
tinal villi and developed respiratory symptoms 2 months 
iater has recently been observed by the author. This com- 
bination of atrophy of the villi and paediatric PAP may 
explain the failure to thrive often observed in other infants 
with PAP. Therapeutic BALs were performed on each 
side, one week apart. In the lavage fluids, the phospholi- 
pid concentration was increased 10-50-fold, total protein 
approximately 3-fold, and SP-B approximately 10-50- 
fold. The phospholipid composition (phosphatidylcholine 
74%, phosphatidylglycerol 7%, phosphatidylinositol 5%, 
phosphatidylethanolamine5.7%,phosphatidylserine2.9%, 
sphingomyelin 1.5% and lysophosphatidylcholine 1.2%), 
concentrations of SP-A and SP-D and the surface activity 
(minimum surface tension=3 mN-m' 1 at 3 mg-mL"' phos- 
pholipids) were normal. The course in this child has been 
favourable for 3 yrs, not necessitating further whole lung 
lavage (unpublished results). 

The surfactant system in adult PAP is relatively well 
characterized [21, 39, 41-43, 57]. The phospholipid com- 
position of the PAS-positive material is typical of pulmon- 
ary surfactant, with minor variations which are found 
regularly. The percentage of phosphatidylglycerol is de- 
creased, whereas sphingomyelin and lysophosphatidyl- 
choline are increased (table 4). Unfortunately, there are 



almost no data on the biophysical properties of surfactant 
from PAP patients, which appears not to be reduced much 
[39, 57]. In an early outstanding paper, the lipid com- 
position and in vivo synthesis of lipids in adult patients 
with PAP was described [57], Similarly, Akjno and co- 
workers [41, 153, 154] have collected detailed informa- 
tion on the biochemical nature of the surfactant lipids 
[155] and surfactant proteins from PAP patients. Two 
oligomeric forms, alveolar proteinosis protein (APP)-I, 
consisting of large SP-A multimers of 70-90 urn in size, 
and APP-II, hexameric SP-A particles, were isolated and 
investigated regarding their effects on isolated type II 
epithelial cells [156, 157]. Recently, Doyte et aL [21] 
described a great variety of immunoreactive SP-A iso- 
forms, which differed widely among various patients, sug- 
gesting further heterogeneity of PAP patients at the level 
of the surfactant proteins. Increased SP-D (table 4) and 
SP-C content [158] are also characteristic of adult PAP. 
The high content of SP-A in sputum has been proposed as 
a means of noninvasive diagnosis of PAP [159], 

Besides PAP of idiopathic origin, both the paediatric and 
the adult forms of PAP may be associated with infections 
(M tuberculosis, P aeruginosa, cytomegalovirus, herpes 
simplex virus, R carinii, aspergillus, Candida, etc.), hae- 
matological malignancies and immunodeficiency states 
[160-163]. Recently, impaired secretion of granulocyte- 
macrophage colony-stimulating factor has been reported 
to be the cause of a single case of a female with PAP 
[164]. The surfactant abnormalities in acute silicosis may- 
be related to these alveolar lipoproteinoses (see above). 
Generally, in PAP, synthesis and secretion of surfactant 
appear to be intact; however, they are not balanced by 
adequate reuptake and removal of surfactant, which con- 
sequently accumulates in the airspaces. 



Miscellaneous lung diseases 

Surfactant abnormalities have been reported for some 
other rare, lung diseases, such as eosinophilic granuloma 
[40] and pulmonary alveolar microlithiasis (table 4) [84]. 
Unfortunately, lavages are often performed in these rare 
diseases but are seldom analysed with respect to pul- 
monary surfactant. Detailed surfactant analysis may lead 
to a broader understanding of the pathophysiology of 
some of these pulmonary diseases, which may have very 
similar clinical presentation. 



Toxic effects on the surfactant system 

A wide range of compounds exert toxic effects on the 
pulmonary surfactant system [165]. These have been al- 
most exclusively explored in in vitro studies or in animal 
experiments. Well known are the oxidant gases (oxygen, 
ozone, nitrogen dioxide), inhaled particles (silica, metal- 
lic dusts containing nickel or cadmium, organic com- 
pounds from cotton, flax, hemp or other LPS-containing 
sources) or gases (chloroform, halothane, diesel exhaust) 
and systemically delivered substances such as drugs 
(bleomycin, combinations of anticancer drugs, the anti- 
arrhythmic agent amiodarone, the anorectic agent chlor- 
phentermine, clofibrate) or . chemicals like the herbicide 
paraquat or W-nitroso-Af-methylurethane. 
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However, in humans, it is not possible to relate the 
clinical impact of these agents unequivocally to their effect 
on the surfactant system. This has to do with the fact that 
most of the compounds have a broad range of effects (e.g. 
bleomycin results in subacute interstitial lung disease, 
pulmonary infiltrates or eosinophilic bronchiolitis oblit- 
erans, acute permeability oedema and enlargement of the 
mediastinal lymph nodes) [66] and that multiple mechan- 
isms of lung injury often result in similar surfactant 
changes (e.g. high inspired oxygen, lung injury from 
mechanical ventilation, pneumonia). There is no clinical 
entity in which a specific toxic effect on the surfactant 
system is the sole or principal manifestation of disease, in 
addition, species-specific differences, the dependency on 
specific disease states and on the developmental stage 
make a direct transfer of these data to humans impossible. 
Interpretation of the scarce data in humans on the toxic 
effects on pulmonary surfactant must consider this. 

In amiodarone-induced pulmonary toxicity, only small 
changes in lavage phospholipid content were observed 
between patients with or without evidence of developing 
lung injury. However, the study was very much hampered 
by its design and the small number of patients investigated 
[167]. Following combination chemotherapy (methotrex- 
ate, doxorubicin, cyclophosphamide, iomustine) for non- 
resectable lung cancer, in BAL fluid, the percentages of 
phosphatidylcholine and palmitic acid decreased and that 
of phosphatidylglycerol increased [168]. These results are 
difficult to interpret as other factors such as the lung 
cancer itself and other therapeutic- or disease-associated 
complications may interfere. Irradiation, both from ex- 
ternal sources and from inhalation of nuclides such as 
plutonium-239 oxide, results in rapid and pronounced 
changes to type II pneumocytes and pulmonary surfac- 
tant. Hallman etal. [85] studied the BAL fluid from four 
patients with pleural mesothelioma before, during and 
at monthly intervals, up to 4 months after hemithorax 
irradiation (70 Gy) (table 4). The concentration of sphing- 
omyelin increased 9-fold and saturated phosphatidylcho- 
line and phosphatidylglycerol concentrations decreased 
approximately 4-fold and the SP-A concentration 7-fold 
and the surface activity was also much reduced. After 
radiotherapy, the soluble protein content increased 23- 
fold and reflected the composition of serum. The strong 
correlations between all rjf these biochemical parameters 
and vital capacity implied a role for surfactant defects in 
causing the progressive injury associated with irradiation 
of normal lung tissue [85]. Whereas total phospholipid 
concentration was almost constant in the former study, 
sequential lavages in a single patient who had undergone 
bone marrow transplantation and who had idiopathic 
interstitial pneumonitis after fractionated whole body 
irradiation (10 Gy total body dose, 8 Gy lung dose) 
showed increasing amounts of phospholipid being re- 
covered from this patient over time [169]. A decrease in 
the concentration of phosphatidylcholine at 6-8 weeks 
and 3 months after radiotherapy was also observed in a 
larger study of 30 patients. Although analysis of the BAL 
fluid predicted the degree of radiation pneumonitis, com- 
puted tomography scans were superior for scoring 
radiation-induced lung injury [86]. 

In summary, it is likely that changes in pulmonary 
surfactant metabolism and function similar to those re- 
ported from animal experiments also occur in humans and 



contribute to overall injury. However, many more studies 
are necessary in order to assess their actual contribution in 
clinical conditions and to investigate the impact of de- 
signed exogenous surfactant supplementation. 

Pathophysiological consequences related to impaired 
pulmonary surfactant and ways of their assessment 

The pathophysiological impact of deviations in the 
biophysical and biochemical surfactant parameters as- 
sessed ex vivo in patients with lung diseases ts very 
difficult to estimate directly. There are several reasons for 
this. Firstly, the pulmonary surfactant system has a large 
functional reserve before decompensation occurs. Sec- 
ondly, there may be large local inhomogeneity within the 
lungs [21], which may be difficult to detect. Thirdly, there 
appears to be a high level of redundancy which com- 
pensates for specific defects with alternative biochemical 
compounds, e.g. substitution of phosphatidylinositol for 
phosphatidylglycerol [1]; similarly, the adaptive host de- 
fence will take over, if the surfactant-associated innate 
host defence mechanisms are overwhelmed. Fourthly, 
changes in lung mechanics may be related to a large 
number of factors other than the surface activity of 
pulmonary surfactant, which may also be relevant. Lastly, 
the sensitivity and specificity of only a few of the 
potential variables (e.g. phosphatidylglycerol, lecithin/ 
sphingomyelin (L/S)-ratio, SP-A) are known for only 
some specific disease processes [77, 129]. Without doubt, 
an impaired surfactant system will be functionally defi- 
cient, but the tools to precisely diagnose this in a non- 
invasive manner are currently lacking. 

The potential biophysical and immunological conse- 
quences that may be associated with specific pulmonary 
disease processes can be envisaged as an impairment of the 
nonbiophysical surfactant functions listed in table 1. These 
have been mainly derived from animal experiments and 
in vitro investigations. However, in assessing their rel- 
evance under clinical conditions in humans, the approach 
to be chosen depends on the question to be answered. If a 
deficiency is assumed, only interventional clinical trials 
in which the substitution of the lacking components are 
assessed, appear useful. If a surplus of stimulatory or 
regulatory activity is assumed, selective blockade or 
removal of the specific compound(s) may be helpful. 
Potential problems associated with this approach relate to 
difficulties in administering the correct component at the 
correct concentration, targeting the specific region in the 
lungs and competing with surfactant inactivators present 
in the lungs. Lastly, great care must be taken in selecting 
the appropriate variable, and monitoring the success of 
the procedure. Many more investigations in the field of 
the assessment of the pathophysiological consequences of 
dysfunctional surfactant are needed. 

Trials of exogenous surfactant substitution - proof 
of a role of impaired pulmonary surfactant in 
disease states 

Obstructive lung diseases 

Asthma. A pilot study on the inhalation of a natural 
surfactant (Surfactant TA (Surfacten) (Tanabe, Tokyo, 
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Japan), 10 mg in adults), conducted as a double-blind, 
placebo-controlled trial showed improved respiratory func- 
tion parameters in the 10-30% range during an acute 
asthmatic attack [170]. In another study, nebulization of 
a similar surfactant (Alveofact (Boehringer, Ingelheim, 
Germany), 100 mg in children) did not alter airflow 
obstruction or bronchial responsiveness to histamine in 
clinically stable patients [171]. Thus, there may be a 
dependency on disease activity that determines the re- 
sponse. Further studies with more subjects are needed, as 
well as a solution to the other major problem, that of 
delivering sufficient surfactant by inhalation into the 
lungs. Segmental challenge and rescue using surfactant 
delivered through a bronchoscope may be the approach 
needed to clarify the rote of surfactant in asthma and other 
obstructive lung diseases. 

Bronchiolitis. In a randomized study, 20 infants with 
severe bronchiolitis were treated with mechanical venti- 
lation with and without intratracheal instillation of a 
porcine surfactant (50 mg-kg bw* 1 ) [172]. The amount of 
respiratory support necessary, the duration of mechani- 
cal ventilation and the length of stay in the intensive 
care unit were significantly reduced in the group with 
surfactant treatment. Larger and more rigorously con- 
trolled trials are necessary to establish this intervention 
in such infants. 



Infectious and suppurative lung diseases 

Cystic fibrosis. In another double-blind, placebo-controll- 
ed trial on the inhalation of a bovine surfactant (Alveofact, 
1 20 mg in adults) in patients with moderate- to-severe CF, no 
improvements in lung function parameters or oxygenation 
were observed [173]. This was probably related to the 
administration of rather small doses of exogenous sur- 
factant, caused by the limitations of current nebulizer 
technology. 

Stable chronic bronchitis. A prospective, multicentre, ran- 
domized, double-blind, parallel group, placebo-controlled 
comparison of a 2-week treatment with aerolized synthe- 
tic surfactant (Exosurf, (Glaxo Wellcome, Hamburg, Ger- 
many) 200-1,000 mg-day" 1 ) gave improved pulmonary 
function test results and in vitro sputum transportability 
with surfactant inhalation [174]. 

Pneumonia. Surfactant replacement appeared to be of 
benefit in selected cases. Selective intrabronchial instil- 
lation of surfactant via a flexible bronchoscope in an 
adult patient with lobar Gram-negative pneumonia result- 
ed in a small improvement in oxygenation [175]. Similar 
improvements have been seen in HIV-infected infants 
with R carinii pneumonia [176, 177] or pneumonia 
caused by Respiratory syncytial virus [178]. 



Acute lung injury/adult respiratory distress syndrome 

The alterations to surfactant in ARDS are thought to 
contribute significantly to lung dysfunction. In various 
case reports successful surfactant replacement has been 
demonstrated [179, 180]. In addition, there have also been 



systematic trials of exogenous surfactant administration. 
Whereas the aerosolized synthetic surfactant Exosurf had 
no significant effect on 30-day survival, duration of me- 
chanical ventilation or physiological lung function [181], 
its instillation in two patients was reported to rapidly 
improve respiratory function [182]. The natural surfactant 
Survanta (Beractant) (Abbot, North Chicago, IL, USA) 
(up to 4 doses of 100 mg-kg bw' 1 ) significantly decreased 
the inspiratory oxygen fraction 5 days after endotracheal 
instillation and the mortality rate showed a trend towards 
reduction ( 1 9% versus 44% in the control group, 
p=0.075) [183]. Bronchoscope surfactant administration 
(AJveofact, 300 mg*kg bw" 1 ) immediately improved gas 
exchange and oxygenation significantly [184]. A smaller 
amount (50-60 mg-kg bw" ) appeared less effective 
[185]. Aerosolized administration of the artificial surfac- 
tant artificial lung-expanding compound (ALEC (Pumac- 
tant) (Britannia Pharmaceuticals, Redhill, Surrey, UK)), 
containing only phosphatidylcholine and phosphatidyl- 
glycerol, produced no clinical improvement [186]. In 
some cases of infants and children with ARDS, exogen- 
ous surfactant application was associated with improved 
gas exchange [187-189]. A retrospective chart review of 
18 children with ARDS treated with 69 endotracheal 
applications of a bovine surfactant found a 40% higher 
probability of survival in responders to therapy than in 
nonresponders [190]. Randomized, blinded studies are 
lacking. 



Diseases specific to neonates and infants 

Neonatal respiratory distress syndrome. The first suc- 
cessful trial of exogenous surfactant administration in hu- 
mans was reported by Fujiwara et ai [191]. This therapy 
has significantly improved outcome in premature in- 
fants at risk of RDS. Currently, more than half of the 
very low birth weight infants in North America and Eu- 
rope receive surfactant treatment. The numerous clini- 
cal trials from Europe and the USA have recently been 
reviewed [192, 193]. The doses, methods of admini- 
stration and timing of treatment regimens have been op- 
timized and different preparations directly compared. 
Natural surfactants appear to be more efficacious than 
synthetic preparations, which currently lack SP-B and 
SP-C. 

Meconium aspiration syndrome. Natural surfactant prepa- 
rations may have a role in the management of severe 
meconium aspiration syndrome, as demonstrated by two 
recent trials [194, 195]. However, there is not a good 
response in all infants treated and further investigation is 
warranted. 

SP-B deficiency. In the congenital form of pulmonary 
alveolar proteinosis, i.e. SP-B deficiency, exogenous sur- 
factant therapy was without significant e fleet, utilizing a 
natural surfactant preparation also containing SP-B [138]. 

Neonates with severe respiratory failure due to congen- 
ital pneumonia, neonatal sepsis/pneumonia syndromes 
or congenital diaphragmatic hernia. Experience from 
numerous small series or case observations indicates im- 
provement of gas exchange in some but not all neonates 
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to an extent that is much smaller than that found in 
neonates with RDS (e.g. [196-199]). In a randomized, 
double-blind placebo-controlled trial the use of a bovine 
surfactant significantly decreased the need for extra- 
corporeal membrane oxygenation in the treatment of term 
neonates with respiratory failure. Thus, particularly in the 
early phase of respiratory failure, exogenous surfactant 
(4x 100 mgkg bw" 1 ) may be of benefit [200]. Several 
case reports suggest improvement of respiratory function 
by means of surfactant treatment in neonates with con- 
genital diaphragmatic hernia [201-203]. ihese infants 
have very hypoplastic lungs but do not have a pnrnary 
surfactant deficiency [136]. Treatment before and after 
surgical repair has been tried. For all these heterogeneous 
clinical conditions, well-planned, multicentre prospective 
trials are necessary to assess the value of exogenous 
surfactant therapy. 



Other lung diseases 

Lung injury after cardiopulmonary bypass. ALEC was also 
used in an unsuccessful attempt to improve the respira- 
tory status after cardiopulmonary bypass [204], whereas 
nebulized exogenous natural surfactant (30 mg-kg bw* ) 
appeared promising [205]. A case of successful treat- 
ment with nebulized synthetic surfactant (Exosurf) was 
reported for reperfusion injury after single lung trans- 
plantation [206]. 

Respiratory failure due to near-drowning. If adminis- 
tered early after near-drowning, exogenous surfactant was 
reported to be of some benefit, but randomized studies 
have not yet been performed [207, 208]. 



Future aspects in surfactant therapy 

The first generation of therapeutic surfactant prepara- 
tions, that are currently used in clinical practice, consists 
either of lipid extracts of natural, nonhuman surfactants 
containing the lipid components, SP-B and SP-C of whole 
surfactant (Surfacten, Survanta, Infasurf (calf lung sur- 
factant extract, CLSE, or bovine lipid extracted surfactant, 
bLES) (Rochester, New York, NY, USA), Alveofact, Curo- 
surf (Chiesi Farmaceuticir Parma,' Italy)) or of synthetic, 
completely protein-free mixtures of phosphatidylcholine, 
tyloxapol and hexadecanol (Exosurf)- The next generation 
of surfactants will be composed of defined lipids and 
hydrophobic proteins or peptides. 

Such a surfactant containing 2% recombinant SP-C 
(containing phenylalanine instead of cysteine at positions 
4 and 5 of the human SP-C sequence, and isoleucine 
instead of methionine at position 32 [209]) is currently 
being tested in a European clinical trial with adult ARDS 
patients. Other surfactants contain designed synthetic 
hydrophobic peptides (e.g. KL4), which have also been 
successfully used in neonates [210]. These approaches 
were reviewed recently [211]. The enrichment of first 
generation surfactants with the hydrophilic SP-A success- 
fully increased the resistance of the preparation to in- 
activation by oedema fluid [212]. 

These new developments will supply surfactants that 
are biophysically more active and hopefully also less ex- 
pensive, in order to allow the application of sufficient 



amounts into the larger lungs of adult patients. Much more 
needs to be learnt before surfactant or its components can 
be used with respect to their immunomodulatory actions. 
Such an application might offer new therapeutic options 
for some of the various lung diseases listed. 

Observations of immunological consequences of 
impaired pulmonary surfactant 

Both a large number of in vitro studies with isolated 
surfactant components from normal lungs and data from 
SP-A knock-out mice have led to the suggestion that in 
vivo surfactant is involved in pulmonary host defence [4]. 
On the one handL it is believed that SP-A and/or SP-D 
bind to or opsonize inhaled pathogens or other environ- 
mental particles. This enhances their preferential inter- 
action with phagocytes. After phagocytosis and killing, in 
some but nor all cases, the activated cells produce various 
cytokines in order to involve other cells, including 
lymphocytes and lung epithelial cells. Additionally, SP-A 
and SP-D directly modulate cellular function [4]. It is not 
completely clear whether these surfactant proteins pref- 
erentially suppress or enhance the alveolar immune 
responses [213]. On the other hand, the surfactant lipids 
phosphatidylcholine and phosphatidylgiycerol appear to 
downregulate or suppress lung immune cell function [4]. 
Many more data are still needed to substantiate and detail 
the in vivo relevance of such effects in the lungs under 
normal conditions. 

Till now, only a few studies have been performed, on 
lungs under pathological conditions, characterizing the 
potential immunological consequences of aberrant surfac- 
tant with respect to specific lung diseases. In the BAL fluid 
of patients allergic to pollen, the distribution of SP-A 
oligomers was analysed [214]. In comparison to healthy 
control subjects, patients allergic to birch pollen had 
much less of the large octadecameric forms of SP-A and 
an increased proportion of the smaller dodecameric and 
hexameric or trimeric forms [214], As described above, 
SP-A is a complex moiecule comprising up to 18 poly- 
peptide chains (octadecamer). Depolymerization of these 
chains leads to a loss of binding capacity for carbohy- 
drate-rich structures, associated with losses or alterations 
of biological function. 

In children with asthma, both SP-A and SP-D were 
found to inhibit house dust mite allergen-induced hista- 
mine release in a dose-dependent manner [215]. In addi- 
tion, these two proteins inhibited phytohaemagglutinin 
and housedust mite allergen-induced proliferation of pe- 
ripheral blood mononuclear cells in children with stable 
asthma and in control subjects. Only a very small sup- 
pression (<25%) was observed in activated lymphocytes 
derived from asthmatic children with acute attacks [215]. 
These data suggest that SP-A may be involved in both the 
early phase of allergen provocation and the late phase of 
bronchial inflammation which is dominated by lympho- 
cytes. Further ex vivo experiments are necessary to 
substantiate such intriguing potential roles for surfactant 
components in more detail. 

In normal subjects, total alveolar fluid and its lipid 
extracts usually suppress T-cell proliferation in a concen- 
tration-dependent manner. This is significantly altered in 
interstitial lung diseases [48]. In acute hypersensitivity 
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pneumonitis, both total alveolar fluid and its lipid extract 
enhanced the proliferation of T-cells. The authors sug- 
gested that an imbalance of the surfactant phospholipid 
composition and not changes in the total lipid content 
were likely to be responsible. Increases in sphingomyelin 
with reduced proportions of phosphatidylcholine and 
phosphatidylglycerol were believed to play a major role 
[48]. In another study surfactant isolated from hypersen- 
sitivity pneumonitis patients failed to completely inhibit 
the mitogen-induced proliferation of lymphocytes which 
was already partly suppressed by alveolar macrophages 
[216]. Similarly, the altered surfactant composition in 
hypersensitivity pneumonitis was hypothesized to ac- 
count for this lack of T-cel! immunosuppressive activity 
and might be responsible for the observed alveolitis. 
Interestingly, in sarcoidosis (stage 2 of the chest radio- 
graphy classification) and IPF, the normal suppressive 
effect of alveolar fluids on T-Iymphocyte proliferation 
was lost only in total BAL fluid and not in the lipid ex- 
tracts of these fluids [216]. This suggested that compo- 
nents other than those extracted into the lipid fraction 
were responsible. 

As alveolar fluid or various surfactant fractions contain 
large numbers of different compounds, disease-specific 
alterations of the immunomodulatory properties of sur- 
factant are only now beginning to be unravelled Up to 
now, experimental approaches have mainly involved the in 
vitro exposure of cells to the whole, weakly-defined 
preparations. Specific blockade of certain components of 
these mixtures, e.g. by antibodies or antagonists, will aid 
the identification of potential candidates. The ultimate 
proof will be dependent on studies at both the phenotypic 
and the genetic level. For various pulmonary diseases 
specific mutations and/or associated genetic polymorph- 
isms will be identified [149] and lead to a better under- 
standing of lung pathophysiology. 



Conclusions 

Analysis of the pulmonary surfactant system in humans 
yields a deeper understanding of iung physiology in health 
and disease and may open new approaches to the treatment 
of pathological conditions. Currently, the only means of 
recovering surfactant ex vivo from the lungs is via the 
lavage technique. This process disrupts the pre-existing 
biophysical and biochemical structural organization and 
may introduce a significant bias. Thus, strictly standard- 
ized methods are necessary for the maximal control of 
potential con founders and the obtainment of reproducible 
results. For the sake of comparison, all studies analysing 
pulmonary surfactant should at least include data on total 
protein and phospholipids, expressed per mL of BAL fluid 
recovered. Until more information on normal reference 
values is available and a more uniform standardization of 
the techniques used is established, all studies must include 
a defined population of subjects for control and com- 
parison purposes. The data obtained so far suggest the 
existence of both functional and biochemical surfactant 
abnormalities in a wide range of lung diseases. Methods of 
estimating the significance of the contribution of these 
abnormalities to the specific disease processes in question 
need to be developed urgently. Except for respiratory 
distress syndrome in the premature infant, where surfactant 



deficiency has been unequivocally demonstrated and ex- 
ogenous surfactant substitution is now part of the routine 
clinical management, the contribution of surfactant therapy 
is currently under investigation in a variety of disease 
states. Besides their role in regulating surface activity, the 
role that surfactant components may also play in the local 
immune regulation of the lungs is just beginning to be 
unravelled. 
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Figure 1. (A,) Electron micrograph of type II ptieumonocytes.jrhese cells contain numerous 
lamellar bodies (LB), two of which are in the process of exocytosis into the alveolar lumen (L) 
(X 45 000. reproduced at 70% of the original). Microvilli (mv) on the apical surface, a 
characteristic feature of type II cells, serve to increase the surface area for the endocytosis and 
re-utilization of surfactant components. Type II cells contain increased numbers of multi- 
vesicular bodies (MVB) as compared with other cell types. N. nucleus. (B.) Electron micro- 
graph of alveolar iumena! contents ( x 42 500, reproduced at 70% of original) . After secretion 
into the alveolar lumen, lamellar bodies unwind and undergo structural transformation to form 
tubular myelin (arrows), a quadratic lattice that is shown at higher magnification in the inset 
(x 85 000.* reproduced at 70% of the original). Courtesy of Dr Jeanne M. Snyder; from 
Mendelson and Boggaram f 1989) with permission. 
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PULMONARY SURFACTANT COMPOSITION 
Surfactant-associated lipids 

Pulmonary surfactant is comprised of approximately 80% glycerophospho- 
lipids, 10% cholesterol and 10% protein (Clements and King, 1976; Figure 2). 
There are a number of unique features of surfactant composition. First, its 
principal and major surface-active component is dipalmitoylphosphatidyl- 
choline (DPPC). a disaturated phospholipid, which comprises >50% of 
surfactant phospholipid composition despite its presence in extremely low 
concentrations in most cells throughout the body (Clements and King. 1976) . 
Since, at physiological temperature, DPPC diffuses very slowly at an air- 
liquid interface, it is apparent that other surfactant components also are 
essential for expression of its surface activity. A second unique feature of 
surfactant is its unusually high concentration of phosphatidyiglycerol (PG), : 
which comprises - 10% of the phospholipid composition of adult surfactant 
in most species (Clements and King, 1976); PG is present in only trace ' 
amounts in other tissues. However, in most mammalian species, the 
surfactant that is synthesized initially by fetal lung tissue contains only small 
' amounts of PG, although relatively large amounts of another acidic glycero- 
phospholipid, phosphatidylinositol (PI), are present. With advancing 
gestation, the relative amount of PI in fetal surfactant declines, while the 
relative amount of PG increases (Hallman et al. 1976); The reciprocal 
changes in these acidic glycerophospholipid species are the result of their 
synthesis from a common precursor, cytidine diphosphodiacyl glycerol 
(CDP-diacylglycerol). It has been suggested that the decrease in PI synthesis 




Figure 2. Composition of mammalian lung surfactant. PC. phosphatidylcholine; DPPC, 
dipalmitoylphosphatidyicholine; PI. phosphatidylmoiuol ; PG, phosphatidyiglycerol. 
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in fetal lung tissue with advancing gestation results from the decreased 
availability of circulating myoinositol. In studies with fetal rabbit lung tissue 
in vitro, it has been observed that synthesis of surfactant PI relative to PG is 
increased when the concentration of myoinositol in the. culture medium is 
increased (Longmuir et ah 1982). In addition, the PI synthase reactionis 
reversible in lung tissue and can be shifted in the. direction of CDP- 
diacylglycerol bv an increase in the levels of CMP (Bleasdale and Johnston, 
1982). which is' formed in association with the augmented phosphatidyl- 
choline biosvnthesis that occurs in fetal lung tissue during the latter part of 
gestation (Quirk et al, 1980). Thus, the shift in a surfactant enriched in PI to 
one enriched in PG may also be due to an increase in the amount of 
CDP-diacylglycerol available for PG synthesis. 

The role of PG in surfactant function has not been denned, although its 
presence in increased amounts in pulmonary surfactant is correlated with 
enhanced fetal lung maturity (Hallman et al, 1976). However, it is worthy of 
note that pulmonary surfactant of adult rhesus monkeys contains relatively 
small amounts of PG (=* 1% of surfactant lipid composition) (Egberts et al. 
1987). Of comparative interest, is the presence of PG in extremely .low 
amounts in lung surfactant of chickens (Hallman and Gluck, 1976), turtles 
(Lau and Keough, 1981) and the anaconda (Phlegeret al. 1978). The finding 
that inositol supplementation of drinking water of adult rabbits resulted in. 
the synthesis of lung surfactant containing an increased proportion of PI 
(8.5%) and only minor amounts of PG (0.3%) with unaltered surface-active 
orcpcrrics, is further si-sucstive that PG does not serve an essential role- in; 
surfactant function (Beppu et ah 1983). * :': :>t 

Surfactant-associated proteins 

Surfactant also contains a number of unique proteins that contribute to its.: 
physicochemical properties by facilitating the rapid diffusion and adsorption 
of DPPC to an air-liquid interface. Reconstituted surfactant preparations 
that lack such proteins exhibit poor surface-active properties (Hawgood et 
ah 1987). Surfactant replacement therapy of premature infants has recently 
been tested in a number of clinical trials throughout the world. The findings 
of these studies are indicative that lung surfactant extracts that contain 
surfactant proteins are more efficacious in the prevention and treatment of 
RDS than are phospholipid mixtures that do not (Notter and Shapiro. 1987). : 
Thus, it is apparent that the surfactant proteins serve an important 
functional role, together with DPPC. in the reduction of alveolar-surface 
tension. \ 

The contributions of numerous investigators to our understanding of the 
properties and functions of the surfactant proteins have recently been 
reviewed (Possmayer, 1988) and are summarized in Table L The major 
protein associated with pulmonary surfactant, SP-A (A/ r = 28-36 000), is a 
glycoprotein modified by AUinked oligosaccharide side-chains containing 
sialic acid residues. SP-A binds strongly to surfactant glycerophospholipids 
(Ross et al. 1986) and acts in the presence of calcium to promote the 
structural transformation of the lamellar body to tubular myelin (King and 
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MacBeth, 1981; Hawgood et al, 1985). SP-A also may act in a co-operative 
and calcium-dependent fashion with the hydrophobic surfactant-associated 
proteins, SP-B and SP-C, to promote the rapid formation of phospholipid 
surface films and, thus, to facilitate therteduction of alveolar surface tension 
(Hawgood et al. 1987). SP-A also may mediate the endocytosis and re- 
utilization of secreted surfactant components, presumably through binding 
to specific high-affinity receptors on the apical surface of type II cells 
(Kuroki et al , 1988; Ryan et al, 1989) . The rinding that purified SP-A inhibits 
surfactant phospholipid secretion by isolated type II cells is suggestive that 
once secreted, this protein may act in a negative-feedback manner to exert a 
regulatory role in surfactant synthesis and secretion (Dobbs et al, 1987; Rice 
et al, 1987). It has been proposed that secreted surfactant also may serve a 
bacteriocidal function in lung by facilitating bacterial killing by alveolar 
macrophages. The structural similarity of SP-A to complement component 
Clq is of particular interest in the light of the recent findings that SP-A binds 
with high affinity to alveolar macrophages (Kuroki et al, 1988) and augments 
endo toxin-activated alveolar macrophage migration (Hoffman et al, 1987) 
and complement (CR1) receptor-mediated phagocytosis (Tenner et al, 
1989). 

The primary structures of human (White et al, 1985; Floros et al, 1986a), 
dog (Benson et al, 1985), rabbit (Boggaram et al, 1988) and rat SP-A (Sano 
et al, 1987), determined by sequencing of complementary DNA (cDNA) 
clones, are found to be highly conserved and are comprised of 247-8 amino 
acids. SP-A can be subdivided into two distinct domains; the ammo-terminal 
third of the protein is collagen-like (White et al, 1^85), while the carboxy- 
terminal two-thirds has the properties of a lectin (Drickamer et al. iv^i. 
The collagen-like domain is comprised of 24 Giy-X-Y repeats (where Y is 
frequently proline) and is interrupted once at its mid-position. As in the case 
of collagen, this domain of SP-A forms a triple helix, and it has been 
suggested that SP-A exists within the alveolus as a mul timer comprised of six 
triple helical structures (18 polypeptide chains) (Voss et al, 1988). The 
lectin-Iike domain is homologous to the mannose-binding proteins of rat 
liver, which also have an amino-terminal collagen-like region and acarboxy- 
terminal globular domain that is involved in carbohydrate binding 
(Drickamer et al, 1986). SP-A has the capacity to bind lipids and carbo- 
hydrates (perhaps through its lectin-like domain), as well as to interact with 
specific cell surface receptors, which appear to be internalized within the 
type II cell in association with coated pits and coated vesicles (Ryan et al, 
1989). These findings are, therefore, suggestive that SP-A may mediate the 
uptake of surfactant components by receptor-mediated endocytosis. 

Surfactant also contains several extremely hydrophobic polypeptides 
(Af r ^5-18000), or proteolipids. that remain associated with- the 1 glycero- 
phospholipids during organic solvent extraction (see Possmayer, 1988 for 
review and Table 1 for summarv). Two proteolipids, termed SP-B (Glasser-. 
et al. 1987; Hawgood et aL 1987; Jacobs et al. 1987; Xuet al, 1989) and SP-C 
(Warr et al, 1987; Glasser et al, 1988a; Fisher et al, 1989), which have been 
isolated and characterized, are derived from two different precursor 
molecules by proteolytic cleavage at both amino- and carboxy- termini. The 



icky Funanage 



302-651 -G876 



KJEGULATION OF FETAL PULMONARY SURFACTANT SYNTHESIS 357 

proteolipid derived from the- SP-B precursor (M r = 40-42 000) has an 
apparent molecular weight of 18000 in the non-reduced and 7000 in the 
reduced form, whereas, the proteolipid derived from the SP-C precursor 
(M T — 22 000) has an apparent molecular weight of 10 000 in the non-reduced 
and 5000 in the reduced form. SP-C contains a unique polyvaiine sequence 
that contributes to its extremely hydrophobic properties. These low- 
molecular-weight hydrophobic proteins have been found to enhance 
markedly the surface tension-lowering properties of surfactant glycero- 
phospholipids (Takahashi and Fujiwara, 1986; Whitsett et al, 1986; Yu and 
Possmayer. 1986; Notter et al, 1987). The importance of these hydrophobic 
polypeptides in surfactant function is emphasized by the findings of clinical 
trials, in -which surfactant . replacement therapy using bovine surfactant 
extracts containing these proteins has been found to be more efficacious in 
the prevention and. treatment of RDS in prematurely bora infants than are 
.synthetic phospholipid mixtures (Notter and Shapiro, 1987). Of potential 
importance is the observation that the SP-B precursor molecule has signifi- 

• cant homology to a family of precursor molecules for sphingolipid activator 
proteins (Sano et al, 1988); which are small (Af T — 8—13 000) proteins that 
bind sphingolipids and facilitate their hydrolysis by specific lysosomal 
hydrolases. 

i Recently, another surfactant-associated protein, termed SP-D 

• (M r 43 000 ; previously designated as CP4) , has been purified and character- 
ized (Persson et al, 1989). The complete primary sequence of SP-D has not as 
yet been determined; However;, it is apparent that like SP-A, SP-D is a 

• glycoprotein comprised of a collagen- like domain containing hydroxyproline 
residues, that is secreted from .type II cells as a multimeric complex, held 

f togetherinrpart by disuiphide bonds (Persson et al, 1989). SP-D is imrauno- 
. logically and chemically distinct from SP-A. has a more basic pi and appears 
to be more soluble than the other surfactant-associated proteins. SP-D also 
contains hydroxylysine residues in its collagenous domain (Persson et al, 
1989). 

REGULATION OF SURFACTANT SYNTHESIS IN FETAL LUNG 

Regulation of surfactant glycerophospholipid synthesis 

The discovery by Liggins in 1969 that administration of synthetic gluco- 
corticoids to fetal lambs resulted in accelerated lung maturation (Liggins, 
1969), led to numerous other studies chat have supported the concept that 
glucocorticoids serve, an important role in the regulation of surfactant 
glycerophospholipid synthesis in fetal lung tissue (for review see Ballard, 
1986). The results of the first clinical trial published by Liggins and Howie in 
1972 provided evidence that administration of synthetic glucocorticoids to 
women in preterm labour before 34 weeks gestation caused a significant 
decrease in the incidence of RDS in their premature newborns (Liggins and 
Howie, 1972). The findings of a subsequent National Institutes of Health- 
sponsored collaborative group study of the effects- of antenatal gluco- 
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corticoid therapy indicated that, although antenatal glucocorticoid therapy 
is effective in reducing the incidence of RDS overall, the beneficial effects of 
such treatment are restricted to singleton pregnancies in which the newborn 
is fern ale; no improvement of perinatal outcome was observed in singleton 
J~- n x male: neonatestor.in the offspring of multiple pregnancies (Collaborative 
Group on- Antenatal Steroid Therapy,: 1981). Although it was advised that 
antenatal glucocorticoi&therapy be used cautiously and selectively, its use is 
pre valent in the United States . . . ; ; ; 

^ The results of numerous :in vivo and in vitro studies utilizing fetal lung 
tissues of a number of species are suggestive that surfactant glycerophospho- 
lipid synthesis by fetal lung is, in fact, subject to multifactorial control and 
that in addition to glucocorticoids, prolactin, thyroid hormones, oestrogens, 
- androgens, growth factors, insulin,. (3-adrenergic agonists and cyclic AMP 

are important in its regulation. Furthermore, it has been suggested that the 
■. -" • actions of glucocorticoids to stimulate surfactant synthesis are mediated by a 

glucoconicoid-induced lung fibroblast-derived factor, fibroblast pneumono- 
cyte factor (Fioros et.al, 1985). Since the topic of hormonal regulation of 
•['■■ surfactant glycerophospholipid synthesis^ has been reviewed extensively 
(Rooney, 1985;. Ballard, 1986);= we will focus in this section on selected 
:: v.v: .aspects of our own research and that of others on the potential importance of 
i \ . : : « : prolactin , glucocorticoids and insulin in the regulation of surfactant glycero- 
phospholipid synthesis by fetai.lung tissue,- 

We and others have utilized fetal lung in organ culture as a model system 
for study of the regulation of surfactant synthesis, becafuse the preservation 
= - ; of tissue architecture, and. appropriate , cell-cell interactions appear to be 
essential for initiation and maintenance of type U cell differentiation. We 
have observed- that lung explants from midtrimesrer human abortuses 
y (Mendeison etaljfl981;*Snyderet al,y!981a) or front iv-21 day gestational 

- ; : u, :- t : ;r : : . : , age fetal rabbits (Snydenet al, 1981b) differentiate and develop the capacity 
. '.yj :•...{: .? to synthesize :surfactant:after several days of organ culture in serum-free 

f *\ rj m : .(■--?->[ .u ?2 :-mediim?r£efoj^ culture/ the ductular epithelial cells of these 

'.u:t t: ^tissues arecolurtinar irv form, contain abundant cytoplasmic glycogen and no 
• - ' ^ ' t ^ ^ days of organ culture in serum-free defined 

■ • * medium, nthe^epithelium : lining : the prealveoiar ducts is comprised of 
differentiated type II cells that contain numerous lamellar bodies (Snyder et 
al, I981a,b; Mendelson et al, 1981). These morphological changes are 
associated with a marked increase in phosphatidate phosphohydrolase 
activity, an increased rate of phosphatidylcholine and DPPC synthesis 
(Snyder et al, 1981a,b) and an induction of SP-A synthesis (Snyder and 
Mendelson, 1987a,b). Lamellar bodies isolated from human fetal lung 
j explants maintained in organ culture for 8 days have a glycerophospholipid 

composition similar to that of surfactant produced by the fetal lung at 36 to 
: 38 weeks of gestation (Snyder et al. 1983), The mechanisms that underly this 

phenomenon of in vitro differentiation are not known, although it has been 
suggested, to result from, the removal of J the tissue from an inhibitory 
factor(s) that is present in vivo (Snyder et al, 1981a). 

In studies of the hormonal regulation of surfactant glycerophospholipid 
synthesis, we have utilized the organ culture system to examine the effects of 
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' Cortisol, prolactin and insulin added alone and in various combinations on 

_human fetal. lung in organ culture. We observed that prolactin, in combi- 

i nation with Cortisol or with Cortisol plus insulin, enhanced phosphatidyl- 

choline and DPPC synthesis by two- to three-fold as compared with that of 
I "~ expiants maintained in control medium or in medium that contained either 
prolactin, Cortisol or insulin alone (Mendelson et ah 1981). Prolactin in the 
| presence of Cortisol was maximally effective in stimulating phosphatidyl- 

choline synthesis at a concentration of 25 ng/ml, which is comparable to its 
! levels in human fetal plasma at mid-gestation. A stimulatory effect of 

j prolactin on phosphatidylcholine and DPPC synthesis also was reported in 

I studies with fetal rat lung in vitro (Mullon et al, 1983). On the other hand, 

"77 7 others (Gonzales et al. 1986) have been unable to find an effect of prolactin 
. J - 7 . ... added in the absence or presence of glucocorticoids on phosphatidylcholine 
synthesis by human fetal lung in vitro. 

" A role for prolactin in lung maturation has been suggested by the finding 
tfiat prolactin levels in human fetal plasma increase approximately fourfold 
,'. between the 26th and the 32nd weeks of gestation (Aubert et al, 1975; 
^Winters et al- 1975), and that this increase precedes the increase in the 
' lecithin to sphingomyelin (L/S) ratio in amniotic fluid (Hauth et al, 1978), an 
' 'index of fetal lung surfactant synthesis. Also, in a group of human newborns 
of 29.5-33 weeks gestational age, a highly significant negative correlation 
was found between the concentrations of prolactin in cord plasma and the 
I ."' ' Incidence of RDS (Gluckman et al, 1978; Hauth et al, 1978; Grosso et al, 
. ' I' 1980; Smith et ah 1980). No such correlation was observed for fetal Cortisol 
, : 7. . "(Gluckman et al, 1978; Hauth et al, 1978), growth hormone, or dehydroepi- 
j ^/^androsterone sulphate (Gluckman et al, 1978). Furthermore, specific 
^;!;~bmdirig~sites for prolactin have been reported in fetal lung tissues of humans 
.. .7.. .[ . ?7.77"(ScagUaetai; 1981), monkeys (Josimovichetal, 1977) and rats (Ben-Harari 
y~7 j V 7>t al^^g3)i^weU.as in aiiult rabbit lung tissue (Amit et al, 1987). In the 
f 7; Jetal^on^^ found between the levels of 

■^7 ,7^pr6la^ fluid and the ^amniotic fluid L/S ratio , the phosphatidy 1- 

77 "V- ' i . 7".^chdh>^ lung tissue 'the' surface tension lowering capacity of 

7 / 7 .", . . 7 . V^lun^ lung; alveglar stability (Johnson et al, 1985). The injection 

/ ' i 7 ^ r of prolai^irito fetal rabbits oh day 24 of gestation was reported to increase 
.7 Uung7ph6spn'atidy!c^ content on day 26 (Hamosh and 

I . Hamosh, .1977).' However; others have failed to find an effect of prolactin 
* " : administration on surfactant synthesis in lung tissues of fetal rabbits (Ballard 
. j et al, 1978; Van Petten and Bridges, 1979) and sheep (Ballard et al, 1978). 

J, As discussed above, the surfactant that is synthesized initially in fetal lung 

7 tissue is enriched in DPPC and PI and contains reduced amounts of PG. As 

gestation proceeds, the relative amount of PI in surfactant declines, whereas 
the relative amount of PG increases. Thus, the ratio of PG to PI in human 
amniotic fluid increases from 0.04 at 35 weeks of gestation to 1.75 at term 
(Hallmanctal, 1976; Oul ton etal, 1980). In studies to evaluate the hormonal 
regulation of surfactant glycerophospholipid composition . purified lamellar 
7 ~ [ body fractions were isolated from human fetal lung expiants maintained in 

I organ culture for 7 days in control medium or in medium that contained 

■ insulin, Cortisol and prolactin alone or in various combinations. As shown in 
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Table 2. Effects of insulin. Cortisol and prolactin, 
alone and in combination on the accumulation of 
lamellar body glycerophospholipids in human fetal 
lung in vitro.* 



Treatment . 


Lamellar body lipid phosphorus 
(nmol lipid-P/mg tissue protein) 


Control 


78.9 ±18.8 


Insulin (I) 


- 82.7 ±23.9 


Cortisol (F) 


116.0±4l.l 


Prolactin (?) 


63.3±U.I 


I + P 


88.1±25.5 


l + F 


13I.l±35.0t 


F+P 


169.6 ±30.6t 


r+F+p 


. 125.4 ±25.7t 



* Human fetal lung tissue explains were incubated 
for 7 days in control medium or in medium contain- 
ing I. F, or P alone or in combination as indicated. 
Purified lamellar body fractions were isolated by 
sucrose • density-gradient centrifugation; lipid 
extracts of the lamellar bodies were assayed for 
phosphorus content. Data are the means ± SEM of 
data from four independent experiments, 
t Significantly : different from controls; / > >0,05. 
Statistical, comparisons were made using a paired 
Student's (-test. 

Table 2, incubation of lung explants in medium that contained insulin + 
Cortisol, Cortisol + prolactin, or insulin + Cortisol 4* prolactin resulted in a 
significant increase in the amount of lamellar body lipid phosphorus isolated 
. from the explants, as compared with that of explants maintained in control 
medium or with either of the hormones alone (Snyder et al, 1983). Further- 
more, it was found that these hormones had profound effects on the relative 
rates of synthesis of lamellar body PG and PI: in control explants, 7.1% of the 
lamellar body gly cerophospholipid synthes i d was PI ; 2 . 2 % was synthesized 




..... .. V: was^increiasedsigruficantiy W 

- - / ^ 19B3; Figure 3). The 

relative rates* of synthesis oifjamellar body 

. lung explants maintained for 7 days in control medium was 0.4; whereas, the 
PG/PI of lamellar bodies isolated from insulin + Cortisol + prolac tin-treated 
fetal lung explants was increased to 1.6, These findings are suggestive that 
surfactant synthesis by the human fetal lung is under muldhormonal control; 
glucocorticoids act in concert with prolactin and insulin to stimulate 
surfactant DPPC synthesis and to alter the relative rates of synthesis of PG 
and PI, resulting in the accumulation of increased numbers of lamellar bodies 
enriched in PG with reduced PI content. 
Although RDS is primarily a disease of prematurity, it should be noted 
. . that term infants of mothers with certain forms of diabetes manifest an 
increased incidence of RDS (Robert et ah 1976). The finding that PG is 
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" ' Figure 3. Hormonal regulation* 'of tomeUdr.body phosphatidyl inositol (PI) and phosphatidyl- 
'"' glycerol (FG) synthesis. Human, fetal lung explants* were incubated for 7 days in control 
medium (C)I or in medium containing insulin (tt/cortiso I (F), or prolactin (P), added alone or 
. in various combinations. [U l4 C)Glycerol< was added to the medium during the last 24 h of 
* incubation ; lamellar bodies were isolated, the lipids extracted and the relative rates of synthesis 
' of PG (hatched bars) arid PI {solid bars) were calculaied. Data are the mean ±SEM of values 
from four independent experiments' using lung tissues from four different abortuses. From 
: Snyder et al (1983) with permission. : '\ 

• : : , greatly reduced or absent in amniotic fluid obtained from diabetic women 
between 35 and37 weeks of gestationf (Cunningham et al, 1978) is suggestive 
"r;-Yiv i ofthatnhc*fetal:hyperinsuIin maternal diabetes may 

- -Oii t,exext-*a:ddeteriousLeffectr;by;antagonizing^^ increase in surfactant PG 
-iib*. ^synthes^ our findings with human 

rrj/ittflfetal :iung.^ effect of insulin on 

,r surfactanfcPG^ynthesis.byi^^^ In fact, the PG to PI ratio of 

< -A* lameUar. bodies isolated ifrom^uman :fetal lung explants incubated with 
- ' * > insulin + Cortisol -f prolacthr (PG/PI = : 1 :6) was found to be greater than that 
, of explants incubated;wtth Cortisol + prolactin (PG/PI = 1.0); the lamellar 
body PG/PI of I + F-treated fetal lung explants (PG/PI « 1.4) was similar to 
thatof tissues treated with Cortisol alone. As noted above, we also observed 
that in fetal lung explants incubated with insulin + Cortisol, lamellar body 
phospholipid synthesis was significantly increased as compared with that 
observed in human fetal lung tissues maintained in control medium or in 
medium that contained either insulin or Cortisol alone (Mendelson et al. 
1981; Snyder et al, 1983). Thus, our in vitro studies using human fetal lung 
tissue provide no evidence for an inhibitory role of insulin on surfactant 
glycerophospholipid synthesis. On the other hand, the recent observations 
that the levels of SP-A in amniotic fluid samples from diabetic mothers are 
significantly reduced as compared with gestation-matched non-diabetic 
women (Katyal et al, 1984; Snyder et al, 1988), and that insulin has an 
inhibitory effect on SP-A synthesis in human fetal lung in vitro (Snyder and 
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Mendeison, 1987b), may provide some insight into the mechanisms for the 
increased incidence of RDS in newborn infants^of diabetic mothers (see 
later). 

Regulation of surfactant protein synthesis and gene expression in fetal 
lung tissue . - ; 

Developmental regulation : ] 

In vivo.- Expression of the SP-A gene appears to occur solely in lung tissue 
?(F16ros et aU. : 1986b;lBoggaram et al. 1988); SP-A mRNA is detectable in 
-\ ! lungs of adult Animals and in fetal lung tissues after 75% of gestation is 
completed. By use of immunocytochemistry , SP-A has been localized to the 
type II cell, to non-ciliated bronchiolar epithelial cells or Clara cells and to 
: ; alveolar macrophages -(Williams et aU 1988). Macrophages do not synthe- 
' .*■■■: size SP-A but avidly internalize the molecule within the alveolus. The role of 
the Clara cell in SP-A synthesis and metabolism remains uncertain, since the 
results of-in situ [hybridization studies of human lung tissues are indicative 
" that SP-A gene expression occurs exclusively in the type II pneumonocyte 
(Phelps and Floros, 1988). Expression of the SP-A gene is developmentally 
,! : * regulated in fetal lung tUsue (Mendds6net al/.1986; Snyder 

; v : : ; . '1987a). As shown ^ iri.Figure4/in 'rabbitfetai lung, enhanced levels of SP-A 
, T^ ,; . '■, gene transcription and mRNA are detectable on day 24 of a 31 day gestation 
ir t^-i r .,. .period (Boggaram and Mendeison; 1988); SP T A gene expression in fetal 
v"? *ii rabbit lung is detectable just before the.timedt which augmented surfactant 
*•"-•"■ * ' glycerbphospholipid.. synthesis \ "occurs. SP-A - gene transcription attains 
maximum levels by day 28 of gestation and then decreases slightly in the 
neonate; SP-A mRNA reaches maximal levels by day 30-31 and then also 
declines after birth (Mendeison et al. 1986; Boggaram et al, 1988). 
. . Ia rats,; SPtA. mRNA .and protein are. firsr detectable on day 18 of 

:K ... gestation; increase markedly through day 21 to approximately 50% of adult 

• - - levels, dechne moderately during the first week of life and then increase to 
.V\- ' ,.. adultlevelsbyday28(SchellhaseetaL1989);Nosexdifferencesinthelevels 
.'J - 7v,x>£ SP-A or its,mRNA were observed in fetal onadult lung tissues. Although 
; : !Virv--. the time: of initiation^ SP-A gene expression in fetai lung tissue is corre- 
• j:,^.^ lated.with the appearance:of identifiable type II cells, it is uncertain to 
• - / .^'v :: /f.Lwhether subsequent in:vivo changes in SP-A mRNA levels are the result of 
, t * 1 -.'a- 1 /an increase in SP-A gene expression per cell, or to increased numbers ot type 
. • II cells, or to both. •"■■* 

- In the human. SP-A gene expression is undetectable in lung tissues of 
. abortuses at 16-20 weeks of gestation (Ballard et al, 1986; Snyder and 
Mendeison, 1987b). Although differentiated type II cells containing few 
lamellar bodies can be observed in human fetal lung tissue as early as 22 
weeks, active secretion of surfactant occurs only after 30 weeks of gestation, 
at which time SP-A can be detected in the amniotic fluid (King et al, 1975; 
Shelley et al, 1982; Katyal et al. 1984; Kuroki et al, 1985; McMahan et al. 
1987; Snyder et al. 1988). The levels of SP-A in amniotic fluid continue to 
. increase throughout the remainder of gestation in association with an 
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{ Figure 4. Developmental changes in SP-A gene transcription and mRNA levels to rabbit lung 
r.;'tusiie. Upper-panel. Nuclei were isolated from lung tissues of fetuses of different gestational 
ages and from neonates (Nco); transcriptional activity of the SP-A gene was assessed by 
transcription run-on analysis. Lowerpanei: Total RNA isolated from the rabbit lung ;tosst.e was 
' analysed for S^-A mRNA by Northern blotting using a homologous ^P-labelled cDNA insert. 
From Boggaram and Mendelsbii (1988) with permission... . 

- increase m theievels of su7 The finding that no 

: significant ciifrerences were observed in anuiiotic. fluid levels of SP-A on the 
basis of fetal sei(Snvder etal/1988) is 6f interest in the light of the increased 
risk of RDS in male as compared with femalenewborns (Naeye et al. 1971) 
£nd apparent delay in lung maturation in males a?. reflected by a reduced US 
ratio and DPPCcontent of amniotic fluid (Tdrday et aU 1981). 

In contrast to SP-A, the mRN As for SP-B and SP-C are detectable in 
human fetal lung as early as 13 weeks of gestation (Whitsett et al, 1987a; 
Liley et aU 1989) and continue to increase during development, so that by 24 
'weeks, the levels of SP-B and SP-C mRNA are 50% and 15% , respectively, 
of the adult levels (Lilev et al, 19^9). By use of the technique of in situ 
hybridization. SP-B mRNA has been identified in type II as well as in 
bronchiolar epithelial cells (Phelps and Floros, 1988). The identity of the 
cells in which the SP-B and SP-C genes are expressed before the appearance 
of differenziated type II cells is, at present, uncertain. The recent finding that 
immunoreuctive SP-B is associated with surfactant-like particles secreted by 
rat intestinal enterocytes (CUaWm et al, 1989) issuggestive that SP-B gene 
expression may not occur exclusively in lung tissue. In the rat, SP-C mRNA 
was found to be undetectable in liver, kidney brain and spleen tissues and 
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was greatly enriched in isolated type II ceils as compared with whole lung 
tissue (Fisher et al, 1989). In rats, it was observed that SP-B mRNA was first 
detectable in fetai lung tissue on day' 18 of gestation (as was the mRNA for 
SP-A); whereas, the mRNA for SP-C was readily detectable as early as day 
17 (Scheljhase et:al, 1989) r:ln contrast to SP-A mRNA, which in rats only 
"• }: "' reaches adult levels by postnatal day 28, the mRNAs for SP-B and SP-C 
were found to attain adult levels by day 20 of gestation (Schellhase et al, 
1989). In studies of developmental .expression of the SP-B gene in fetal 
rabbit lung tissue; Xu et al (1989) reported that the levels SP-B mRNA, 
~ * which were first' detectable in lung tissues of 27 day gestational age fetal 
rabbits, were increased on day 30 and declined slightly after binh. By 
contrast, transcriptional activity of the SP-A gene is detectable in fetal rabbit 
lung as early as gestational day 24; although as is the case for SP-B, SP-A 
gene expression declines somewhat after birth (Boggaram et al, 1988; 
Boggaram and Mendelson, 1988). 

■™* 

' In vitro. When explants from fetal lung at mid-gestation are maintained in 
: - y organ culture in serum-free medium, there is a rapid induction of SP-A gene 
* transcription and of the levels of SP-A mRNA and protein in association 
* with the^appearance of differentiated type IF cells and enhanced surfactant 
^ glycerophospholipid synthesis (Mendelson et al, 1986; Boggaram and 
Mendelson , 1988; Boggaram et al , 1988). The finding that the glucocorticoid 
receptor antagonist, RU 486, failed to prevent spontaneous morphological 
development, increase in DPPC synthesis and in SP-A mRNA accumulation 
in fetal rat lung in organ culture, is suggestive that spontaneous differen- 
tiation is not caused by the. action of glucocorticoids retained within the 
cultured tissue (Gross et al, 1989). ■■ 

: SP-B mRNA, which is detectable in the mid-gestation human fetal lung 
before: culture, 'was;; found 1 to* 1 increase, .as a function of organ culture in 
senim-free 'meddurh' ariii 'reach adult levels; whereas, the levels of SP-C 
mRNA declined as compared with preculture values (Liley et al, 1989). 
■ . ^ These findings are inBicative that ihegenes encoding SP-A, SP-B and SP-C 
v. u "^WemdeMndenT^ in Jiurnan .fetal lung tissue. 

• f> Hormonal regulation ' t 
■ ■ ■-y-r >''\r.:i\ :•: rA,.:sivtu-- ■ '": ' " - c -;:- -^ • 
. . -The. .findings.i of ^spontaneous morphological differentiation, enhanced 
v ; surfactant . glycerophospholipid synthesis ^and initiation of SP-A gene 
expression in fetal lung tissue maintained in organ culture in serum-free 
medium are indicative that endogenous and/or environmental factors may 
serve an important role :in- the expression of type II cell differentiated 
function. However, the results of numerous studies using fetal lung in organ 
culture are indicative. that surfactant protein synthesis and gene expression 
. .. can be regulated by a number of hormones and factors. The findings of such 
. . studies are summarized in Table 1 and are discussed next. 

\. ,.SP-A . '•::. v V ! v , " < . -~ 

-Effects of cyclic AMP analogues and of agents that increase the cellular levels 



Jan 01 21 04:41 



Vicky Funanage 



302-G51-6876 



p. 25 



REGULATION OF FETAL PULMONARY SURFACTANT SYNTHESIS 365 

of cyclic AMP. The findings of studies using fetal lung i„ orean culmr* ««. 
indtcanve that cyclic AMP enhances SP-A^th^and oHk 
mRNA in fetal Jung tissues of a number of species. In rabbi? fS lune in 

Sfms'ThT ' SP " A Sy . mheS /f is ^nted by cyclic AMP^Lalo^iSlb 1 ; 
agents that increase the cellular levels of cyclic AMP such aTforskolin 

kS&SS^^ ^dLbu^th^anthSe^iS 
^t&^^Z^ aCtivity < Mend ^°" et al, 1986; Bogg^am « al 
increasf^ 

wSn^Jfvf'* A Je ^ els ( Mendel «on et al, 1986; Boggaram et al 
1988) and this is associated with a comparable increase in SP-A Jenl' 
trans^puon (Boggaram and Mendelson, 1988). Tne sSlatory effect of 
dibutyryl cAMP (Bt 2 cAMP) on SP-A gene traicription^d mRNA iSefc 
are dependent upon ongoing protein" synthesis, suggesting Aat a labile 
protein factor mediates the stimulatory effects of cycliS^onlpVSe 
express™ (Boggaram and Mendelson, 1988). Cyclic AJ^anioeut also 

^j.Whitsett et al.,1987b) in human fetal lung in culture. Figured S ; a 



C Bt 2 



C 

i 




—2.1 kb 



2 6 

Days in Culture 

»^ 5 ^r» 0f e B, , ,eAMP °" ' e r els of SP " A "> RNA in "«n.an fe.al lung in culture 
Human fetal lung explaois were maintained in organ culture for up to 6 days in serum free 

C^Si medium " "° n> '" n b,0,tms Mslng rabbit SP * A cDNA 85 a P">«*- 
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^? er ^H ° f ? e ,eVdS ° f SP ' A mRNA in hum ^n fetal lung explants 
afler2 and 6 days of organ culture in the absence or presence of Btfc AMP A 

o?SP 

; % a ™rn S i i V " y ^ ^ IC AMP analogue was a PP«nt on day 6 
• r n ,;l?^ tT i COntro1 expiants were undetectable on day 2 and were 

; mcreased markedly by day 6. This increase in SP-A gene exprisioTin 

control tissues during culture* associated with the s P ontaneoS1S fie " 
• ; ' ™??J* G Z£~£ v !P la ^^ a «d appearance of differentiated ry^S 
" I?nl, y ? lC ^ ^ dUCt J° n ° f SPiA mRNA ,evels { » *e human fetal lung 

I^aZZ^ 0 [° bc , associaled comparable increases in leve s of 

bP-A gene transcription (Bo^garam et aL 1989). 

We have observed that the ..stimulatory effects of the cyclic AMP 

* 5Sw ^f^^ ^th pronounced effects on morphology (Odom et al 
Rmp ^ 3 " fCtal 1Ung tisSues incubate d for 2 days in medium containing 
2£^^ and significant enlargement of the pre- 

-l!^-*^'™ 1 dCCreaSe iD the V0lume densitv of th * inter-alveoar 
* v r etlSSU * as compared with fetal lung tissues maintained for this 
Lnt™/ n ^ ol A ^d:um (Fi g ures 6a and-6b). TTiese differences between 
contro and Bt 2 c AMP- treated tissues were no longer evident after 4 and 6 
..days of incubation because the alveolar lumena! volume density of control 
explants increased at these, times (Figure 6b). The findings of electron 
microscopic studies were indicative that cyclic AMP also caused an 
enhanced rate of appearance of differentiated type II cells (Figure 6b) as 
well as an increase in the amount of secreted lamellar bodies and tubular 
myelin within the lumena of the pre-alveolar ducts (Odom et al, 1987). 

The finding that the fr-adrenergic agonist, terbutafine, increased the 
*^£^l°. n ° f immunorcac nve SP-A in human fetal lung in vitro (Odom 
^ a -W 8 ') .is suggestive that catecholamines, acting through 3-adreneraic 
W?P t0 ™ and cyclic AMP, may play a role in the regulation of SP^A 
V^S? SIS m /"a! I,J nS- g-Adrenergic receptors have been identified in fetal 
.lung ussues (Giannopoulos, 1980; Whitsett et al, 1981; Roberts et al 1985}* 
, me concentration of such receptors, as well as the responsiveness of adenylyi 
cyclase to catecholamines, has been found to increase in fetal rabbit ton* 
tissue with advancing gestational age (Barrett et ;■ i . I \)74) and in concert with 
the increase in free Cortisol levels in fetal rabbit piasma (Mulay et al, 1973). 
The results of autoradiographic studies are indicative that such"3-adrenergic 
receptors are concentrated on alveolar epithelial cells of rabbit lung tissue 
i io r o<A nCreaSed folIowin S Cortisol treatment (Cheng et al, 1980; Roberts et 
al. 1985). The findings that norepinephrine levels in human fetal plasma 
increase markedly during late gestation (Peleg et al, 1986) and that 
administration of p-adrenergtc agonists as tocolytic agents to women in 
preterm labour result in a decreased incidence of RDS in their premature 
infants (Kero et al, 1973; Boog et al. 1975; Bergman and Hedner, 1978) is 
-further suggestive of the importance of the adrenergic system in fetal lung 
maturation and surfactant synthesis. 

In consideration of the potential importance of glucocorticoids and 
catecholamines acting through cyclic AMP in the regulation of SP-A gene 
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and secretion * ™. A ge " e ex P ression an « surfactant synthesis 

Effects of glucocorticoids; The effects of glucocorticoids on SP a c^tt, ■ 

s^sr. ansae ssjftiS 

iyoy). ino significant differences m responsiveness ro devamArW^ 

pi.™^' i" consid « ratI °« °f the prevalent administration of synthetic 
g"™ c <>"'«>'ds to pregnant women in an attempt to enhan£°un?matS 
'Sarnie P re ™ ure off W. we examined in dSTfae eleSs of 
dexame hasone jn.vanous concentrations on SP-A gene exoresVion and on 
morphologic development of human fetal lung in\*ro W? obse^that 
t ^Z^T^* di ?*™™ ^ts on the levels ?o\ 'SP-A a „d ESuSj 
oXd lS M a n ft tlSS r, thaf T ^^ndent; at concSnSs ,ff 

> 10-« m L l?^ 1 *^ effect observed, while at concentrations 

> w m, the glucocorticoid was markedly inhibitory fOdom et al 
Figure 7 shows a Northern blot of the levels of SP-A^RNA^n human fetal 

meL'c? 311 * mCUbated f0r 5 **y* in the absence of presence ordexa 
methasone at concentrations of ICT'MU-'m. A stimulaTory effecfof 

Vx M,whereasatconcen trations>10- ,< M.thesteroidwasclearlv 

we Jb^ild ZrH ,he .' eVe,S ° f SP A and itt mRNA - Inrecent smSe 
• L 8t d " ame tha««>e has a paradoxical effect on SP-A jtene 

SKLr^ *? ' Un !, in Vitr ° (B0 ^ aram « 1989). T^e gS?, , 
corocoid caused a dose-dependent stimulation of SP-A gene transition 

m-'M SETS, stimulator y «*« evident at concentration; TSRSrt 
w u. Dexamethasone also acted synergistically with Bt,cAMP to increase 
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kb 




c ;^^o 9 io 8 10 7 id 6 
Dexamethasone (M) 

u£Z 1 '£ tI l t ? (0t dex f m «hasoneon the levels of SP-A mRNA in human fetal lung in culture 
Human fetal lung explants were incubated for 4 days in control medium (C). or in medium 
U?. 8 dex ^^«>n"t wnceotrations of IO-MO-m. Total RNA isolated from the 
.tissues was analysed for SP.-A.mRNA hy Northern blotting. From Odom et a! (1988) with 

permission. ,* 

the rate of SP-A^ene' transcription; On the other hand, dexamethasone at 
these concentrations 'caused a 1 marked reduction in the levels of SP-A 
^tTa A nv, r€ ^ uted themagnitude of the stimulatory effect of Bt^cAMP on 
bP-A mRNA accumulation. From these findings, it is apparent that the 
effect of dexamethasone (> l<r*M) to reduce SP-A mRNA levels is not 
mediated by an inhibitory effect on SP-A gene transcription. Rather, these 
effects are likely to be the result of a dominant effect of the steroid to reduce 
SP-A mRNA stability (Boggaram et al. 1989). Dexamethasone also was 
found to have pronounced and dose-dependent effects on morphology A 
biphase effect of dexamethasone on alveolar lumen size and the volume 
density of type II cells was observed: at a concentration of 10- 10 m. a 
significant stimulatory effect of the steroid on type II ceil volume density and 
on alveolar lumen size were evident, whereas at concentrations of 10~'m or 
greater, type II cell volume density and alveolar lumen size were signifi- 
cantly reduced as compared with control explants (Odom et al. 1988). These 
findings are indicative that elevated levels of glucocorticoids may inhibit 
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^JoS^ZL^ *** (EOF) has 

been reported to UMb^^^SSSSST^f^^- (TGF ' P) has 
et al, 1987c). We have o&SSdXL f^ 811 ""^" "'"'(Whitsett 

inhibition of SP-A synthesSln hum a „ f , i' ° C ° USes a ^-dependent 
Mendelson, 1987b). An mWbto£X?5 "f CUltUre (Snyder and 
^^nsuUmiz/^ ^^},^"^ 11 was observ * d « con- 
insulin and conisol flO^li'n S eta, - ,un S c e 1 ?P' ant s were incubated with 
levels lower thanlhose observed wTtSfrh 0 "'^^ COment WaS reduced »° 
under such conditionfthesymhe^S^ 

foundtobeincreasedsiSantlvo^ was 
medium, or with eirhifhn™^ f rtha / t 0 ofex P lantsm a'ntained in control 

maternal diabetes Z^l ™«the fcial hypennsuhnaemia associated witJi 
specific conten a d " cnon < ? fasu u rfac 'ant containing a reduced 

d™^^ RDS is 

" SP-A levels in TamnS 

reduced as Sw^Jfo^M^^fT** Were ^"^antly 
(KatyaJ et al, lwSdJefS FlSS^E 8 ? 1 ^ non - diabetic «bjeci 
observed in amniotic fluid SP ?A S h/«L d . n ° ^re 
subjects (McMahS et al 1987) Hot J, ^ d,ab " ic and no «- d «betic 
maturation and sKa^S^^ "^™«P s ! ed th « feta ' l™g 
study were -affected^^ » 

• f kb in leng?h (mite tEST^ S ? Uences of a PP">ximatel y 

human (Bruns et al 1987? a ™ S J oca,Ized on chromosome 10 in the 
^c^bh^^^^UaiS!^- K e " Ce *?' elucocorticoid 
SP-A gene (White et al 1985? £ rt ^ J flank,n S region of the human 

rabbit genomic DNA are indicative that SP A ?« e„?oH^K • ^r*" ° f 
luw^iorosetal. 1986a). It has been suggested that these two mRNA 
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species may result from ailelic variation at the SP-A locus nr fr„™ o 
SP-B and SP-C . . ' : \ 

WyS&A^xi^ anal °^^ of agents that increase cyclic AMP. 
SP r ™ni a ? f UCS 8PPear t0 have a modest effect to stimulate SP-B and 
op" a mRNA ,evc 5 35 com Pared with their marked stimuJatorv effects on 

cyclic AMP analogues on the levels of SP-B and SP-C mRNA were not 
found to be assoaated with any changes in the levels of the corresTond"ne 
" V ■ Terbutaline and forskolin were repK xl 

~% t™2 J t,mulatorv ? ffe «s on the levels of mRNA for SP-B- however no 

Zr?Jl S^omcoidsAn contrast to their complex effects on SP-A gene 
Z^llf 1 0 ^ gl "" c 2 r,,co,dshavemarkedd o^-dependentstimulatorveffects 
onthelevesofSP.BandSP-CmRNAinhumanfetaJlunginvitro(S 
.J. 1987a; Liley et al. 1989). At concentrations of dexamethasone (10 ! "m 
hat cause a pronounced inhibition of the levels of SP-A mRNA in human 
IZ , £S 7" > the ^ evels of SP - B SP-C mRNA are markSy 
SiK 1 ! S A U(heS W L th 3 human ty P e 11 ad «nocarcinoma cell line, it wa? 
observed that dexamethasone had a rapid and dose-dependent effect to 

'■ESS^ IT'? ° f f : B mRNA - wh " e causin « an -qS? rid" 2£ 
dependent inhibition of the levels of mRNA for SF A (O'Reilly etal. 1988). 

^^^^^^P 0 ^^ 1 '^ regions. The gene encoding the 

^ons^andspans some . lpkb of DNA (Pilot-MatWet a] 
tlZ;£ ^"^."f Wence for a putative.'CRE and several GREs have 
been identified withm the 5Vflankirig region. The mRNA of =2kb in size 

fdentlfi^nf J cne \ Tw ° "'f^ homologous genes for SP-C have been 
S lfied .°£f Ppr °? ma . teIv 3 0 kb 'cngta (Glasser et al, 1988b). These 
te locSl ;r r e ' dentical ^quences. are composed of 6 exons and 

are localized to chromosome 8 in the human. The transcribed mRNA of 
^hnhf,- "^ 6 e ! ,code ? J a Precursor polypeptide of M r = 21000. The hvdro- 
23 hvH wTi. T W ° aCld ^i* 10 ? 31 " proteolipid, SP-C. containing a strefch of 
£con/? P o r T m ° aCld ^, W j th 6 conti I u °«* valines, is encoded within the 
SS«SZ f ^ g f Zfi Allh ° Ugh SP " C « ene ^Pression is only modesdv 
regulated by cyclic AMP, two regions with homology to CRE consensus 

T n Z£u K present in thc 5'-flanking region of the SP-C prccZTwe 
^ h »500b P ofthe istart site of transcription^ contrast, no p?S 
Wbeen idenufied within this 500 bp 5 '-flanking region (Glasser et af 
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^saturated form of^XSX 23? ^^^ol^ ; 
associated proteins to reduce alveolar'S c ° nce ." w »h *e surfactant- 
amountsof ph<K P hatidyJgIy C eroi a!s ' ! tensi ° n - Relatively large 

number of species. incLdL ™^%^ e ^ » Jun « of? 
surfactant function has not 8 be en ducidaS- ° f P hos P ha . tid ylg'ycerol in 
ncreasedamountsinpuJmonarysurfactarrll, however - !ts Presence i„ 

■s regulated by a number o EE End H ^ lh . eS,S in fetaJ ,un S f »sue 
prola«inJnsuli n .oestrogen^S 

amines acting through cyclic AW ^Tn smdil^u 0rmones - and ca "*h°'- 
culture. we have observed I thft' . tUdiesw,thhuma n fetal lung in orean 

choline synthesis and alter lameJlarbodv![. ! ,tar bod - v P n osphatidvl- 
.: to one reflective of surfacTan Secreted tv^t h r ° Ph ° S f holi P id ""Position 

Four surfactant-associated proSnT s'p A "co^ 1 "" 8 at 
' recently been characterized; LcStion'ol'rhf ' SP ' C . and SP " D - h ™ 
■■ .the reduction of a i veo | ar surilTS^ol t7 ^"T 1 im P 0 »ance in 
- ■ '"Nation of secreted surfactam bv ?vn? it „ ln J^^sis and re- 
advancement of. knowledge concerninftL I"" 5 h3S stimu '«ed rapid 
protems and their genes, as we5 as rhU h st ™ ctures <* the surfactant 
regulation in fetal lung tissur^e JLl eir developmental and hormonal 
expressed in a cell- SD | c ific mJ?f g I encod,n g SP-A, SP-B and SP-C are 
;ungti* U edunn?d^ 

the type II cell and is initSteJ affe ^ITrf ^ exdusi ^ly i n 

" human fetus. espressionVf the SP- B a nd «*r * tIon ? In the 

earher , n development ' than SP-A brfJf'Z ge " eS ,S detecf able much 
: d.fferentiatedtypeiI ceJ J nan ip - A - before the tlrae 'of appearance of 

' :.V^ra.X^matj? ^ rabb " fctal «-* » culture 

of SP-A gene expressioTSthe Jff^ 

primarily at. the level o "«nemJS „w£ • f t CyCllC ^ are e "rted 
^ucocorticoids have stimuK S^S? ^IT ,Uflg tissue " 
inh.bitorv effects on SP-A mRNA S il in' ^J 6 "* transcr 'Ption and 
glucocorticoids act synergisSy to S e L <jp f"' 0 "- CyC,ic AMP and 
human fetal lung in vitro Glucc^n^ ! SP ' A gene transcription in 
ance in the regulation ?fihe ^^h- 3 ^ 10 be of P ri ™rv import- 
great interest To define the dtn~ ■ ^ m J- SF ' B and sp <- » will be of 
regulation of ^f^^^S^S^^ 

Jung t.ssue, as well as the m ^^^ J^^ nm,Se, ^^^ 
process. It is anticipated tbaTSK^w ^f by hormon « modulate this 
regulate the dt^i&p^S^^^^^^ 1 ^^' " 
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S'^l;" d . es .^ of regimens to accelerate lung maturation and 
surfactant synthesis in prematurely born infants. 
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« Uxuvejsity 



ABSTEACT -.Pulmonary surfactant, a complex material 
UutJmei-tlie.alveolar-nipface of die mag, ii synthesized 
in the:tjrpe:n:pnenmoc7te. Surfectant couiiti largely of 
phospholipids, of which photplutidylcholiae it by far the 
mMt^undant component, .and is mainly responsible for 
•urxaeeaetivity. Surfactant also contain, four unique pro- 
tein., .urfactaat protein (SP)-A, SP-B, SP-C, ana SP-D, 
wluch are synthesis in a lung-specific n^nner. SP^A 
and SP-D ^.glycoproteins (M r - 30,000-40,000) whereas 

hj^hobio^teoUpid.-rclca^d:^ 
by jroteolyw.^thcri. of surfactant BpZiSS 
is deydopmentally regulated in fetal.lung and-cai be ac 
cclerated glucocorticoids and other hormones Devel- 
oping fetal lung m vivo and in organ culture bac been 
used exten.tvcly to «tudy regulation of furfactant synthe- 
«♦ "Tf!^! eT P«f ri * a - Glucocorticoid, stimulate the 
fc^-^SI Pto^hatidylcholine biosynthesis and 
the activity; of, the rate-regulatory enayme, choline- 
pho.phate «7tiaylykran,fe«5e. (CYT)...,The hoTmoSc, 
however, doe. .not increase the amount of CYT: there is 
evidence that the-increwe inactivity i, meo^ted byia" 

the fatty acid gene. Glucocorticoidi aUo regulate 

em^mrnm theSP-A,.SP.B, and SP-C genes in theOate 
gestation fetal lung. JHormone retpowf elementt and 
SaJT^^ «8 u ^ te 'y. dement, have been.identiiUd * 
m the 5 -flanking regions *f the SP-A, SP-B,- and SP-C 
genet. Surfactant cphosphoKpid. Stored 1 in lameUar 
bodies secretory granule, in the type II cell, and secreted 
by^cyto«.^dl^bo«ie.are %o rich in SpTJnd 
SP-C but tWaxe conflicting data on the ceflular distri- 
bution of SP-A. 5ec^on of SP-A may be constitute 
and occur independently e 0 f lamellar bodiea, PhosphT 

lated type II ceU. it can be .timxilated ^yphyiiolorical 

Sts?*? ^ ^ ^ via « leWE ,E 
^ductxon mechanism... After secretion, surfactaSi, 
tramformed into tubular ayelin, and the Kpid^d P ™! 
ton component, are separated at the lipid it inserted CH« 

.urfactaat it removed from the alveolar .pace bv reuotake 

receptor-medated endocytosis. Some componente of iul!, 
factant are directly recycled Jnto new «rfa^ whereat 

other components are degraded. RnnnrvZi wncreas , 

S .L., Mendel™, C. R. J^ctand^eSht tzZSSF 
of lung surfactant. EASES J.TSsTsI^ 7^1™ " 



PotMONAar surfactant is a" HIGHLY surface-active material 
mat lines the alveolar surface of the lung. The principal 
function of surfactant, and the one most widely investigated 
is the maintenance of low surface tension at the air-liquid 
interlace and the prevention of alveolar collapse on expira- 
tion. However, there is increasing evidence that surfactant 
also has a role in host defense-mechanisms and immune 
functions of the lung (1/ 2). Surfactant is essential fornonnal 
lung funcuon. Lung immaturity with insufficient surfactant 
can lead to • the respiratory ' distress' -syndrome (RDS) s a 
major cause of Alness in premature' infant.; whereas surfac- 
tant deficiency or abnormality is also believed to play a con- 
tributory role in adult RDS (3, "4):. A number of hormones - 
accelerate lung maturation and stimulate surfactant produc- 
tion m the late gestation fetus (5), and newborn RDS can 
often be prevented by maternal administration of glucocorti- 
coids and other hormones. Onset of RDS in newborn infants 
can be prevented by the administration of exogenous surfac- 
P £P a £ atK>M » *° me which are now available commer- 
cially (3). Exogenous suffactanrHas also been rcponcd to be 
successful in treating adult 'RDS (4). ; ■ • 

|urfactant is heterogeneous inaterial that exists in many 
different physical forms (6) and is more earily defined iunc- 
twnaDy-than structurafly. It' is -readily obtained from the 
lungs by , bronchoalveolar lavage ;; and can be purified by 
differennal centrifugation. Isolated surfactant preparations 
consist of approximately 90% lipid,' 10% protein, and smaii 
amounu of carbohydrate. The lipids are largely phdspho- 
lipids with some triacylglycerols and cholesterol (7). The 
pbospholipid composinon of representative surfactant prepa- 



"From The American Payiiological Society Symposium "Lane- 
Surfactant: Molecular and Cellular Processing prtVen.cd 

New Orleans, L*JLTwi.£Z 
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'Abbreviadons: Bt,cAMP, dibutyryl cAMP; CAT, chloramphe- 
mcol ac«yl,ran,ferasc : CRE. cAMP-responsc element; ^REB. 
LRE-btnding protein; CYT, choline-phosphate cyddylyltrantfcri 
ase; DBE, distal binding element; FAS, fatly acid lyn&^Cwl 
^cwmeoid response element; hGH, human growth hormone^ 
HLH, helix-loop-heiix; leb, Idlobaae; IP,, inositol i^phcapha^ 
US. nop of phc^hatWyJchoiii,, (leeiuui.) to ^gomydfa; rnvh 
n^ovencular bodies; d-mvb, efcetron^fense nSXbodS 
1-rnvh, elecuon-lucent muldvesicular bodies; PBE, pimdmal bind" 

speofic pho^hohpase C; RDS, wpimory,diit«s; syndroine; 
SP-A, surfactant protein A; SP-B, surfactant protein B; SP^cT lur' 
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rations-is. shown in Table 1-The composition of lung tissue 
Dhosohblipids is included.for comparison. Although contam- 
Cn3q« ~mponentt,thcphosphoUpi* of surfactant 
have V chkractcrilric composition. Phosphaudylcholmc.. 
more 'than, half of whicbis fully saturated is by far the most 
abundant component. The. saturated phosphaudykholiM 
consists, almost entirely of. the dipalmitoyl speaes (7) and it 
is dipalmitoylphosphatidylcholine that is largely responsible 
for the high surface acwity.of.pulmonary surfactant. Phos- 
phatidylgrycerol. . generally aiminor. component, of- «a»- 
kalian phospholipids; is ^!!^.^^^i^r- 
lipid in surfactant and .accounts, for up to X2% of the total- 
On the other hand; membrane phospholipids such as_phos- 
phandylethanolamme,.sphmgomydin, and phosphatidyls^ . 
Ine are only minor components' of surfactant. Its unique . 
composition has allbwedthc development of assays.for mea? 
suremcnt of surfiurtant m'amntetic ftuid^Thus^the-ratio.^f-. 
phosphatidylcholine (lecithin). toJsphmgomydm. (L/S ratio), 
and the amount of phosphatidylglycerol are used clinically to 
assess the extent of fctaL lung maturity.. 

Much of the protein .in isolated, surfactant consuls of. 
serum proteins. However,: surfactant,contains i four uwque 
proteins: surfactant protein (SP)-A,.SP. : B,. SP-C, and SP-D.s 
These protein's arejexpressedin-a lung-specific manner and : 
are dcvelopmentiUy, regulated in fetaLIung. Although ; 5P-U 
has structural "similarities, to SP^/Jttj .assoaatwn- .widv. 
secreted surfactant. phosph^ 

function have hot beeiL established- ;..^.-;.j> zr -. ;-; . ^c 
Surfactant is synthesized in the.type EL alveolar epitheUaU 
cell and packaged into "secretory granule, the. lamellar., 
body. Although many detail's of surfactant processing are not 
understood (6), the morphologic paradigm derives much 
from a single autoradiographic study by Chevalier and 
Collet (?). Those .workers proposed, that newly synthesized 
surfactant phbsphaddylcholine was transported directly 
from Golgi to immature lamellar bodies but that surfactant 
protein left the trans-Golgi and. entered multivesicular 
bodies (mvb). Fusion of mvb with lipid was postulated to 
produce a- membrane-bound organelle-, the composite lamel- 
lar body, that contained lamellated material (lipid) plus .vesi- 
cles (Fig. 1). Many cell types, 'perhaps all. have mvb's but 
they are . usually thought to , be "part of the. endosome- 
lysosome system, and; me ' suggested , utilisation of. mvb for 
posttranslatiooal assembly- of a secretory . granule may.be 
unique to the. type II cell. Williams (10) demonstrated two 
populations of. mvb in. type- II. cells; larger ones with- an 
electron-lucent matrix (1- mvb) and smaller ones with electron- 
dense, matrix (d-mvb). The 1-mvb contain Irnimuioreacttve 
SP-A but not acid phosphatase activity whereas the d-mvb. 
contain lysosomal enzyme-.acrivity but no detectable SP-A, 



Like-many epithelia, type H. cells. are-. polaraed (11); tawb.. 
are mainly apical but d-mvb and composite bodies are basal. 
Lamellar bodies are believed to be; derived .from composite- 
bodies, and in perinatal rat lung, both are- localized in the 
same oasal region.. In the adult, lamellar: bodies are located 
randomly throughout the. type .11 cell, and are secreted by 




Fizurec i- Sihema-cf surf^c^ ro =t^lL^ After^ynchaLi in the 
SLmicreticulum.(ER) otthe-type ttcelt «rfs*«ucW 

compo.Ue.body, the immediate precursor ofcthermature lamellar 
bcdy^LB), stored, in lamellar. bodies, and secreted, by. exocy^js. 
However/some-surfactant components, parttedariy.SP-A; may be 
secreted indecently of lamellar bodics-Thef wvcJveinent of 
cS-lucenTmuldvLicuK bodies (1-MVB) is^ quesuonable « 
d£re is no evidence that ^act^t b>ids o^t that org^eUe 
*Tevidence far protein iransit through MVB before secrenon 
needs re^amination. Extracellular meuboKsmofsurfactan. . bp,* 
proteins is depicted as a transition to tubular myelin (TM), 
separation of the lipid and protein (Prot) components as the lipid 
Is inserted intotfae monolayer at the airrliduid interface, desorpucn 
and reuptake into the type II cell by mechanisms that »fV ugude 
receptor-mediated endocytosis through coated vesicle. (CV). Some 
surteant is removed by n*cwphages (M*) , ^ P 0 ^^ 
airways and circulation. 1-MVB play a central role u wrung 
and proteins, directing the reusable components directly to lamellar 
bodies while directing othen (mosdy lipid) to degradanve pathways. 
Some material may return to the Golgi area, although that may 
represent reuulization of degraded material returned as substrate. 
The electron-dense MVB (d-MVB) is shown in a degradauon- 
lyscaomal pathway. See text for further details. SER, smooth EK; 
RER,. rough .ER; .UCV. . uncoated. vesicle. 
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Cholme-phcsphate cyudylyitnuiafcraae (CVTI5 EC 2.7.7.15),^ 
die enzyme that catalyzes f ormation of CDPcholuie from v : 
choline phosphate and CTP r is a rate-regulatory, enzyme in 
phosphatidylcholine biosynthesis in allsystcms examined in- 
cluding adult and fetal lungs-and type II cells (5), Altered 
CYT activity invariably accompanies altered phosphatidyls 
choline biosynthesis (5). CYT activity increases in. develop- 
ing lung and is increased by glucocorticoids and other hor- 
mones that stimulate surfactant production in fetal rat, 
rabbit, .mouse, and human lung both in vivo. and. in culture : 
(5, 13-17), Glucocorticoid stimulation :of CYT- activity^ in 
fetal nu lung is a direct effect on the lung, mediated by the- . , 
glucocorticoid receptor and dependent on mRNA and pro-- 
tein synthesis (5). However; there .is evidence that the effect 
of hormones on CYT is due to activation of existing, enzyme • 
rather than the synthesis of new CYT. CYT can Deactivated . : 
by inclusion of phosphatidylglycerol and .other lipids in. the:* 
assay mixture (5), :and when fetal rat, f rabbitj^and jnouse. 
lung CYT is -assayed ; in , the -presence - of sufficient lipids to 
cause maximal activation, th e stimulatory 'effects :of ^hico- - 
corticoids,^ thyroid hormonc,? *and : estrogen rare considerably r 
reduced or.corap3etely : abolished (5, 13, 15-17), This suggests — 
that the effects of the honnpies; are. not due to increascd .cn- 



exocytosis in *. response to physiologic stimulL Dramatic, and 
highly unstable, structural forms of surfactant are present in 
the -hypophase of the alveolar lining fluid. After secretion, 
lamellar, body contents form an extended lattice called tubu- 
lar myelin (Fig. 2). Tubular myelin formation can proceed 
spontaneously, but requires phospholipid, calcium, SP -A, 
and SP-B (12); tubular myelin . is likely the precursor of the 
phospholipid monolayer at the air-liquid interface. 
*:..."' :\ 

REGULATION OF PHOSPHATIEYLCHOLINE 
SYNTHESIS 

Regulation of surfactant phospholipid synthesis has gener- 
ally been studied in developing fetal lung or isolated type II 
cells. The -fetal lung is a particularly suitable model because 
of the developmental increase in surfactant synthesis and its 
susceptibility to hormonal regulation (5). Most studies have 
focused :on phosphatidylcholine, the major lipid component 
of surfactant, although synthesis of other phospholipids has 
also been: studied (5)1 Because no phospholipids are . found 
exclusively in surfactant, ,it is;impossible to distinguish be- . 
rween synthesis of.lipids:associated with surfactant and those ; 

associated with cell membranes* Although kinetic studies; of -o^yTOc.synthesis, as the iiew enzyme should also be stimulated^, 
rates of precursor ^corporation : can readily be applied to 0 ^ by the added. lipids. -Indeed,: quantitation of CYT}byiun-^-. 
surfactant-enriched unctions, measurements of enzyme ac- " - — 

tivities or expression of the. genes encoding enzymes of lipid 
biosynthesis. reflect .the entire. cellular. pooh hi- }}. .. 



munotitration (16) and* Western, blotting (17) confirmed that- r: 
' enzyme, mass vis not mcrcasedrbyr^ucocorticoids. vThe r 
' finding that the: stimulatory. effecto oixl70reatxadiol.m:.the: 
rabbit (13).and of betamethasone. in the ;rat: (17) iwcre.com-' 
• :: pletely abolished, by extraction.: of lipids* burrenored /by 
■ • adding them back, showed -that the effects of the hormones r - 
were due to activation of CYT by. a lipid factor (or factors), . „ 
- Developmental increases in de novo fatty add biosynthesis 
^;and fatty acid synthase (FAS; EC 2.3.1.85) ^activity occur in . 
•-/ the late gestation fetal lung (18) and bbtti are "accclerat ed by " " 
S-i; ^-glucocorticoids. Glucocorticoids increase the rate of fatty , 
l-'aE^add biosynthesis in fetal rat, rabbfti'and human lung (18; 19) 
V;--* <<*nd the activity ( of;FAS .in fetal rat (18,. 20) .and human (19) . 
^■Hung^The.mcreasc iri FAS .actrvi^in ^fetal :rat lung. results... 
- ■ from increased eneyme mass as determined by immunotitra- : - . 

rion (18). Pexarnethasonemcreases.the level of FAS mRNA - - 
- in fetal rat (20, 21) and human -lung (22) and the rate of FAS r: 
transcription in fetal rat lung (23). Jt.is dear, .therefore, that 
the increase in FAS activity in response to glucocorticoids in 
fetal lung is . due to. increased enzyme synthesis.^-- - 

There arc no discernible differences in: the time courses of 
the effects of dexamethasone on FAS and CYT activities in - 
fetal rat lung expfants (15). However, .the effisct. .of dexa- 
methasone on CYT, but not on FAS,. is abolished by inhibi- . 
tors of fatty acid.biosynthesis.that act at steps in the pathway 
. prior to those catalyzed byTAS (15). As fatty acids and lipids 
; ,..are known to activate CYT (5), this suggests that the media- L 
* nism by which -glucocorticoids increase CYT activity is by 
increasing expression of the FAS gene and thus synthesis of ; t 
the enzyme. -This leads to an increase in fatty acid biosynthe- 
sis, and the fatty acids, their metabolites, or lipids into which - 
. they become incorporated ultimately activate CYT. Recent. • 
data suggest that this mechanism may not be unique to the 
fetal lung. Hypertrophic type II xclls from adult rats given 
an intratracheal injection of silica contain increased amounts 
of phosphatidylcholine, enhanced rates of phosphatidyicho- 
. line and fatty add biosynthesis, and. increased CYT:and FAS 
. activities. The increase in FAS activity .is significant I day - ■ 
~ after silica treatment whereas -the increase in CYT- becomes 

detectable only after 3 days (24). Furthermore, the increase 

be seen :at the air-Kquid interface as they contribute lipid to the ^ CYT activity is abolished bv .inhibitors of fanv add hio 

inwrfadal "monolayer. The alveolar (A) space is above "synthesis (24). The mechanism by^ Which fatty, adds^and ftd? 




Figure JE. . Surfactant at the alveolar surface. An air- inflated adult 
rat rung was fixed by perfusion with gtutaxaldchyde and examined 
by dectron. microscopy. The type II cell (II) is in a comer between 
two bulging capQlarics . (C). The hypophase fluid (Hy) fills the 
comer of the alveolus. A few lattices of tubular myelin (TM) can 
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lung CYT does not appear to involve translocauon ol Ui 
from cytosol to microsomes; a^jrcportexL in some other sy»- 

t ^thouffh the ducocorticoid-bducecL increase in CYT ac- 
tivity ap^n to result primarily fro* enzyme activaoon, 
thelpoSy of Incased ^synthesis 
couxued. In contrast to the effect of estrogen on CYT activity 
in fetal rabbit lung, which was- no longer-apparent when the 
enzyme was assayed in the presence of phosphatidylglycerol 
OS), glucocorticoid stimulation of CYT activity in rat and 
mouse lung was not completely abolished by inclusion of 
phosphatidylglycerol (15 f 16) or* niixtureof oleic acid and 
^s&atidricholine (17) in the. assay. "Indeed, although 
markedly reduced, the effectof the hormone- in the* presence 
of ohosphatidylglycerol remained statistically significant: in 
some - studies. In- fact; -the- increase>-in CYT: activity in • 
response tadexamethasonein human 

more pronounced? and significant: only *vhen phosphatidyl- 
glycerol wasindudeclin the assay mixture (14), suggesting ^an 
increase ia:enxyme, maw. Indeed, Batenburg's group 
reported a small ( -30%) increase in CYT mRNA content 
in fetal rat type II cells, exposed to Cortisol- and fibroolast- 
conditioned medium. CYT activity was not measured, so it 
is unclear whether such a: small increase in mRNA level is 
meaningful, becauser in- a- subsequent study from the same 
laboratory (21) dexamethasone did hot increase CYT raRNA 
content in fetal rat lungrexplants/ Although increased CYT 
generally has been reported - to be-dtie-to enzyme- activation 
in the lung and other tissues>(5);~an;mcrea3ein the amount 
of CYT as well as its :niRNA^wreceridy?rep^^ 
ation.wimmcreased. phosphatidyl^ regen- 
erating rat liver (26). It remains to ^^cablished whether m-- 
creased^CYT syiithesis. alsb occiirr *J 

SURFACTANT. PROTEIN- A ; . y. , • . f^,- 1 ..; 



SP-A structure and function- 




has the properties - of r atlec^ 

composed of 24' dyX* re^ateCwl&re^Sgix frea^endy^ror 
line) and is- interrupted oncc?ar iti'nua^sinoh. VAsrm the 
case of collagen; rJns^domam T d£SP*A s fo^ helix.. 
The lectinlike domain^ strucmrafly sunaar to ^e carbbxyl- 
terminal lobular domains 'of^a. number 'of mammalian 
C-type lectins that also ? have ammo-terminal, collagenlike 
regions. Withinthe alveolus,- SPA exists as a multimer com- 
posed of six triple helical structures (18 polypeptide chains) 
with a molecular weight of approximately 700,000 (28). 

SP-A has the capacity.: to bind, lipids and carbohydrates 
and to interact with -specific- cell-surface receptors. SP-A 
binds strongly to surfactant phospholipids- and acts in the 
presence of calcium, SP-B> and SP-CTto promote, the struc-" 
tural transformation of the-lamellar body, to tubular myelin 
(12). SP-A also . acts .in accooperative *and calcium-dependent 
fashion with.SP-B and;SP.-C to promote-rapid formation- of 
phospholipid surface films, and thus facilitates the reduction 
of alveolar- surface tension (27). It has been suggested that 
SP-A mediates the:endocytosis and'irotilbarioh of secreted 
surfactant . components-* through bindings to * specific high* 
affinity receptors, on the- apical surface- of type-IT cells (29, 
30). The finding that purified SP-A inhibits surfactant phos- 



pholipid secretionby- isolated-type- II : cclls;(6) sug^ts-tha^ 
once secreted.. this protein may act ina negative feedback 
manner to exert a regulatory rolein surfactant syndesis and- - ; 
secretion. In recent studies, «ti-i^otypeana^« icoreaed - 

. against the antigen-binding: she of anU-SP^ which ^recog* 
. nizc- an . -30-kDa membrane protcm enriched in type 11 
cells, were used to isolate cDNAs encoding a putative SP-A ; 
-receptor- (31). SP-A also binds with high affinity to alveolar 
macrophages (29) and augments endotoxin-ac^vated alveo- 
lar macrophage migration i and phagocytosis » W J« 
blc bactericidal function of SP-A m lung is of mtcrest m Ught 

. of its structural similarity to . the complement component 
Clq. 

Tissue-specific and developmental regulation of SP-A 
gene expression. '! - ^= • •. . . 

The SP>A gene, a single copy of ^5 kb in size, is composed 
of 5 or 6 coding exons in rats,- mice,* and rabbits (32). In con- 
trast the human genome contains two quite similarly tran- 
scribed SP-A genes (SP-A1 and SP-A2) (33) 'and an SP-A 
pseudogene (34). The human SP-A1 and SP-A2 genes and 
the pseudogene all appear to be localized on: chromosome 10 
(35V The SP-A gene is expressed in a lung-specific manner 
(32). By use of in situ hybridization, SP-A mRNA has been; 
• localized in type II cells and noncfliated bronchiolar \epi- ; 

thelial or Clara cells (36). \.V'' "J" Y i '■■ -a2L\X^= 
'. Expression of the- SP-A gene in fetal lung is develop^ >m 
"mentally regulated in concert with me induction of surfac r . _. 
tant phospholipid synthesis:' SP-A gene transcription is- first 
detectable in fetal rabbit lung on day 24 of gestation (term - 
Vday 31), reaches maximum levels on day 28, and declines 
"Cslighdy after birth (37). SP-A mRNA b first detectable in 
::>tal rabbit lung on day 26 (32), just before -^jgu»ud » 
r factant phospholipid, synthesis (5). Levels of SP-A mRNA* . 
: ..are markedly increased by day -2M»dt peak levels on day 
V; 3L and: appear to decline: somewhat: after birth. These 
changes m s^^tate levdj of SP-A mRNA in fetal rabbit 
! uuirarc - awoci^ed with, accumulation of mimuiwreacuvc 
' SP-A protein (28).: In situ hybridization indicates that SP-A 
mRNA is-dctectable only in type.ITceus on day 26 of gesta- 
: t tion whereas day 31. mRNA traMcnpi^ sv wrt 
.in Clara cells (36).. In the human, SP-A mRNA and protein 
t 'are undetectable- in' fetal lung tissue at. midgestation. How- 
"^ ever^SP-A protein is detectable in amniotic, nuid at. 30 weeks 
^•"gestation and increases during devdopment in associauon 
- ' with- the increase in the US ratio (39). r ft'/ ;> 



Multifactorial regulation of SP-A gene expression 

cAMP analogs have pronounced stimulatory effects on SP-A 
synthesis and mRNA level in cultured fetal rabbit and human 
lung (32). Lungexplants from nudtrimester human abortuses ^ 
and 21-day fetal rabbits spontaneously differentiate when' 
maintained in organ culture in serum-free medium; the tis- 
sue rapidly develops ther capacity to synthesize surfactant 
phospholipids and proteins. Treatment of lung explants with 
dibutyryl cAMP (BtjcAMP)" accelerates ; r the rate of type_ II 
cell differentiation and the accumulation - , of. SP-A mRNA 
and protein (32). This is associated with.^comparaW 
ductionin the transcriptional activity of the SP-A gene (37, -. 

Human fetal lung in organ culture produces large 
amounts of prostaglandin E, (PGE,) (42). Indomcthacin - 
treatment of cultured human fetal lung causes a marked 
reduction in PGE* production, cAMP formation, and ac- 
cumulation of SP-A protein and mRNA (42). Indomethaan 
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also reduces alveolar lumen and lamellar body volume den- 
sity in the cultured explants. The inhibitory effecu of indo- . 
raethaein are prevented by simultaneous incubation with 
BticAMP or PGEj. These findings suggest that endogenous 
cAMP formation, induced by mcreased PGEa synthesis, 
causes the spontaneous enlargement of prealveolar ducts and 
• increased SP-A expression in cultured human fetal lung (42). 
The possible role of prostaglandins in induction of type II 
cell ^differentiation and SP-A gene expression in developing 
human fetal lung in vivo has not been determined. 

Glucocorticoids have, complex actions on SP-A gene ex- 
pression in fetal lung tissues that may be spedes*speci£c and 
dependent on the stage of development at which treatment 
is initiated. In human fetal lung in vitro, glucocorticoids ex- 
ert both stimulatory and inhibitory effects on the levels of 
SP*A and .its mRNA that are dose dependent (40, 43) and 
occur at transcriptional and posttranscripuonal levels (40, 
41). Dexamethasone causes a dose-dependent stimulation of 
SP-A gene transcripdon with maximum stimulation at 
10~M0"' M. Dexamethasone also acts synergistically.with 
BtjcAMP to increase the rate of SP-A gene transcription (40, 
41). On the other hand, at the same concentration*, dexa- 
methasone causes a. marked reduction in the levels of SP-A 
mRNA and reduces the magnitude of the stimulatory effect 
of BtacAMP on mRNA accumulation (40). The inhibitory 
.effect of dexamethasone on the level 6f5P-A mRNA appears, 
to be due to a pronounced decrease in its . apparent half-life 
(41). These inhibitory effects of dexamethasone on SP-A 
mRNA stability are dose dependent, completely reversible, 
and blocked Toy ]." the glucocorticoid receptor antagonist 
RU486 (41). In recent, studies, it ^vas found that expression 
of the human SP-A2 gene was considerably more responsive 
to the inductive 'effects of cAMP and the inhibitory effects of 
glucocorticoids than that encoding SP-A1 (44). 

Inhibitory, and .stimulatory effects .of glucocorticoids on 
SP-A gene expression appear to be .related to the state of 
lung differentiation in the fetal rabbit. Treatment of lung ex- 
plants from21-day fetal rabbits with Cortisol or dexametha- 
sone (1CT 7 M) causes an acute (6-24 h) inhibition of SP-A 
gene transcription and reduces the magnitude of the stimula- 
tory effect of BtscAMP (37). However, after 48-72 h of incu- 
bation, a stimulatory effect of glucocorticoid is observed and 
there is an additive effect with BtjcAMP on SP-A gene tran- 
scripdon (37). Such 'paradoxical .effects of glucocorticoids 
may be related to changes in- chromatin structure accom- 
panying cellular differentiation, which could render gluco- 
corticoid response elements (GRE) accessible to tou- acting 
factors (e:g., the glucocorticoid receptor). 

Mechanisms in : the regulation of SP-A gene expression 

The stimulatory effects of cAMP on SP-A gene -expression 
are mediated at the level of transcription. There is a poten- 
tial cAMP-responsc element' (CRE), TGACCTCA, within 
the S'-nanking sequence of the rabbit SP-A gene (45). The 
SP-A gene CRE differs by only one nucleotide from the 
canonical CRE (TCACGTCA), a palindromic enhancer that 
lies upstream of the transcripDon'miuation sites of a number 
of cAMP-indudble genes and binds the CRE-hinding pro- . 
tein (CREB) as a horoodimer. Within the ^'-flanking region, 
two structurally related sequencer were identified at -986 to 
-977 nucleotides (distal binding element, DBE) and at -87 
to - 70 nucleotides (proximal binding element, PBE), which 
speci£cally bind lung nuclear proteins that are enriched in 
type II cells (46). The DBE and PBE both contain E-box 
motifs, which are known to bind transcription factors with a 
hdix-loop-helbc (HLH) structure. HLH transcription fac- 



tors are known for their roles in cell growth and differentia- 
tion, By use of Southwestern blotting and UV cross-linking, 
both elements were found to bind nudearproteins of 69, 45, 
and 22 kDa in size (46). It is interesting that DNase I hyper- 
sensitive sites have been identified in comparable regions, at 
~ -100 and -1000 nucleotides from the SP-A gene tran- 
scription start site ..(45)^ 

lb define the regions of the SP-A gene involved in type II 
cell-specific and .multifactorial .regulation of expression, 
fusion genes containing various amounts of DNA flanking 
the 5*-end of the rabbit .SP-A * gene linked to the human 
growth hormone (hGH^ structural gene (as a reponer) were 
introduced into primary cultures of fetal type H cells, and ' 
into other cell types that did not synthesize SP-A. cAMP in- ' 
duction of SP-AmGH expression was. observed only in 
differentiated type II cells that expressed SP-A. The results . 
of deletion mapping suggest the, presence- of enhancer ele- 
ments, between -381 and -990 nucleotides upstream of the ~ 
SP-A transcription initiation site, that mediate basal levels of ' 
expression as well as the inductive effects of cAMP. Muta- 
genesis of the. potential CRE at .-,261 nucleotide revealed 
mat this element functions to mediate cAMP responsiveness 
(47).. Mutagenesis of either theJDBE orPBE also resulted in . . 
a marked reducuorLm.^th baial-and cAMP-induced fusion 
gene expression (46)/iung^specinc.and o^MP-regulated ex- ' / 
pression of the SP-A. gene thus appears to* depend on the syn- '" u 
ergistic interaction of tnmfacdng factors bound to the CRE . 
and to the distal and. prcodmal -binding dements (Fig. 3). " 

The mechanisms whereby glucocorticoids exert their com- > 
plex effects. on^P-A gene transcription and mRNA stability 
have not been defined. T Two elements with sequence similar- 
ity to one-half of the palmdrtnuc GRE consensus sequence 
are found -within 2CK) jaucleotidesjof me: transcription initia- 
tion site m-the 5 r .-flanking region jof die -rabbit SP-A gene. 
Two other . elements - with .sequence . similarity to GRE half- 
sites lie withm the ju^ 

stream of the site of transcript^n^tiation'(45).'Tne results 
of type II cell transfection studies using SP-AdiGH fusion 
genes : containing these elements indicate that none fonction 
as stimulatory GREs*~"(47). : \As^ glucc^brricmc^ ' positively . 
regulate gene transcription through a palindromic DNA se- 
quence composed -of two Jiexameric 'in verted repe ats sepa- 
rated by three nucleotides (AGAACAnnniy I I UI ), it is un- 
likely that these half-sites function as positive GREs. 



I 



Figure 3. Cu-actxng regulatory elements and their binding proteins 
in the 5*-flanking region of the rabbit SP-A gene. Schema based on 
the data of Gao et al. (46) and Alcorn et at (47). CR£ V cAMP- 
response element; CREBbp, CRE-binding proteins; DBE, distal 
binding elements; PBE, proximal binding elements; TXTA, *IXIA 
box; TFIED, transcription (actor ED; POL.H RNA polymerase IL 
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?ACT&NT PROTEINS B AND C 



■ ; ;. - . - m xti-and SP-C ate extremely 

IwSS enhance the surface teruion^owwg prop- 
SF<1 marKcaiy ...... cpjn « nc i SP-C both pro- 

SpS^^g.out:unsat««t^ phosphohpuls from the 
,U ^-^kjheiid • ^ pr^or- polypeptide; Af r - 
ammo, terminus.,, inc. . , A ^ f 10 nnn in th«* 

nonfeduced: and S.00O. in' the reduced.form. (52). 
fh^Sjecunor dc« not contam a- recognizable signal 

S^SurofthVptecumrtontaina, 
Z-lhdar- targeting: SP-C contains a' unique P°Y™"", 
c^cTa^twoW^ 

5Ses « the-amino-'tenninus of the- mature protein (53) 
«r-tch of 20 hydrophobic amino acids in die middle oftw 
huayer(MVTW highly homc4c^ ^ .for SP<! c£p- 

^S&r'Sfkb length '^^^StJ^tSS 
iSwhicfln^identicatcc^ 

^tpn^d^.localbed on chromc«m»e-8jn teknu.' 
mSribecVmKNA of -1 kb in ^encodes ^eprecur- - 
•SSvSeprE which is proteolyticatty cleaved to yield the 
K^bic-35 amino 'acid SP-C. In rabbu tang, there 
X^Tcoordinately regulated alternatively spliced forms of 
Ip-C^uRNA^ th of vSare the products of a single gene 

(56). . _ . 

Ti.su«pecmc and developmental regulation of SP-B and 
SP-C gene expression 

SP-B mRNA has been detectedboth in type " and bronchi- 
oTar epithelial cells (S6) whereaa.SP-C^gene express.on ap- 
pears to be type II ceU : specific. (57; 58). - : 
™ human fetal lung;, initiation ^ expression of toiM 
and SP-Cgenes cwrr/much.earlier-m.c^opment than 
m« oT SP-AvmRNA. for SP-B and SP-C are detectable : as 
«ariv as 13 weeks gestation and continue to increase develop- 
£S£ . «TSS» weeks SP-B and SP-C rn^Alevds 
are50% and.13%. respectively, of those of the adult (59). In 
fetal nbbit lung SP-C mRNA- transcripts are detectable as 
S « daV iV oftgestauon.. before me appearance of 
dirtotiateltype n cells (56, 58). which are first evident on 



by day 27 SP-C- mRNA ^tounoo»»x mRNA tran- . 

development- 

Multifactorial regulation of SP-B and- SP-C gene 
expression. 

In contrast to their marked f-F-^^SK 
CAMP analogs ^^^^tSSSS 

:SSSS5SS ^^^IS^^ 

are not associated with any *"E£^53Slkr studies 
responding ^^^^.^^ . 
^t^SS!^£X»i ffleveb^of rnRNA .. ; 

on SP-C gene expression was ^^^T^^ZS^S 

P r*S SP.B«ne (5n. The stimulatory effect of dexamedia- 
i^StSStSLci mhumanfctal tan, ^ "tro 
«p?S « Tbc endrely due to e«K^;tr««wption.(eS). 



Mechanisms m.U»e.reg^^of :S2f gene «F^; - 

In studies using transgenicrmitecarr^ ^S?? 
£i^-3jSb of 5&hg:pNA &om the^hvananSP-C . 

£n7Unked to dfaMnfaUcri .•-Sgj-^Pg 5 ^ 
the endogenous mouse Sp - C ..^^^Tl^^f S P-C:CAT 

torn embryonk day 10 .throughout fctal-dev^topmenW «^ 
Son ofme endogenous SP-C gene rexnauas tow untfl^y 
13- thereafter, expression: is.markedly mcreased (64). The 
£d£g^c4xamethasonetreatmen« of ung explanafrom 
fetal transgenic mice resulted* an wducaon ■£ 
[^gSrrmTpresenee-.of a functional .GRE within the 
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«~»»/th. sp<:p^«.^*" <fa ' nfi « , « -Ukkw-. 

SURFACTANT PROTEIN D 
$*M> protein structure, and function 

other memberrof the colta^S C^^- « ^ to 

«oanno«.bii,dia ff C-ty« ofS? ^ and the 
SP-D may funct&n SSSS^&JiT " 
SP-D interact! with ^U^S^,- d *fc»« mechanisms, 
manner; b^Tk^Z ^." a <*cium-d^pende£ 
SP-D alio ^JiES^*^"* *acKS 
«H? agtfutinadon ofbSSS 1~ * """""Wion, 
which specifically bmd. V • wntPa « to.SP-A, 

«i» tj^Sin SSS^T^ » cell. a. Weir 

» developmental!? ZSZSP' ^ x Pf e, « t > a of the SP-D rene 

tion and increased ffi J Z)K^ «««»bJe on day 19 ofeetta- 

^ firs, deteaed infeim l£j^ ttU £ e V SP * D ^ 
Thee findings JndfaSK 21 of gestation (65).' 

other ^aant-ass^^^ 1011 * wduoion^f tfaf 
Pholipid synAedT^^ Pn)tcm! ""d of «urfactant pW 
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REGULATION OF SWU^NT 5ECRETKDN 

cells in primary culm*» . ^ ' ; Uf 7 " wlated type II 
lipid comp^^^/^j^^^^ant a, defined^ £ 

»o« part, ? studie, of KS^rT f^"** 
have focu.ed.on. the linL .5r 0n .*•■«**«■« secretion 

?»t pho^hatidyiclS^^ "P^ylcholioe, Surfec 
for the most pal? 1^+^J*~» t0 >* «gulated 
^ occur. ThelhosiAo£id^l^° tUtIVe may 
jar bodies i, vu^y^^P^, of isolated lamel- 

» is dear that « 1 riacttn7nho^»-i^ , ^ ctaat 0) and 
together S^etr'SS^ aT?* * — 
conflicting report. o»A^ V?" 4 > contrast, 
^; A I««omc,rudL rc ^ A ^^«" u,iu ; ' attribution of 
lamellar bodies (74, 75? u?oS£ 7* *5* concentrated 
r^rted to contj *^£SiS^Jjfr were 
d^Ls "T 0 ^^P^cn" «S that S» ( a 77)1 10 addi ' 



J^I^I^^S^" ^^-«^« protein, 

''isSriare^^ a. 

. agonists (6. 70,71). V\^JL2L£ ^J U ^T r ° f P^J^oIoffcal 
-ccretagoWc, in c^tuSd^^Sfife 1 P^pholipid . 
agomm, A, and P, ourinAS.iL- include ^-adrenergic . 

«^ero!nn3cS^ «d . diacy" 

phore> including ionL^T^^Sfe ° Md iont> - 
aum influx into the cdls^?^ ^? a^^X pi ? lao 5 c caJ " 
its metabolite. • vam*BrZ£' 1*. °» Arac hjdonic acid and 

«erumlipopS eu r P ^Si^^ W ^ Mtl ^^ "d 
number of plant lectin, A ^v.,^ ^ whe «as SP-A, a 



302-651-6876 



p. 50 




Intracellular 



Protein Phosphorylation 



T 

Surfactant Secretion 



£^^^^«o the formation of!*^^ 

fiuther activate, PRC. A phwpholipaie C actma oaoC^^ki.- /i? "I?^* P^ h *«*««»'ero;PA to DAG, whlch^hen^ 
l-ijlcoyI-2-acoylriycerol »V ^Jw i., P^P^J^iiolme (PC-PLC) may. also lead to-aencratioir of DAG TTPA *r,A 

« the ^^fA^^^^ SSySS^iSf P* '^^^^^^^^^^ ^ ^ 
enun from intraceihil^- none; the- knonhoM ^™1ST^^I ™S?? pWr " ""P 1 " 1 » AC. IP, promote, mobilization of cal- . 
Ca-.^lmoduliu-dcpezxdent pro «TkS^M P ^lJ^ A23187' promote calcium inilux>»; & ceiL. QldT^^rT 

studied so fcvT^" WOTW ^ I"tle^^^ 

Activation of other p^-fi^g^**;^ ^.^oniof ATP.:the.pK>wtyp^ 
paatidyfchoUne secretion, in theW UceJL TTii.* TPa~ * Z?™*!? m ° r fJ^ an «w«cept«: Based largely on the 
l-oleorJ^-aeetvIrfv™.™! JtrL?? >e -, 1 i Thus.TPA,. -. potency order of ATP anatogspP, piirinocepwrs are divided 

into r»v, P5v. P?... P«._ and jP.^ - mKum—. /OTV TT-rr>- 



i-leoyi-2-ac^ig^rand dWa^riyS S 

Jf r * eu ?t> *» fn*yme that acts on phoaphatidvlinositol 
bwphwplwteto generate the second mesa«genSX£ 



noted •hi^ir^^^mS^'SfiK 5^?^< M >-™*& 

effects' of ATP and iono^ on^uScWLe^ 5Sr? I ^ e ^^°^ effcct 'of ATP on 
decreased bv -llT* - surfactant secretion are cAMP. formation U. abolishecbbvt methvix^rh.^.. - 



effect.- of - ATP "i-T- lo ' vir W-Xhe stimulatory 

^ant«e«aon. Whether that is a calcmnSnodulin- 

sten^S- « P /? S > , S aase ? 4nolhcr «taodulin dependent 
step remains to be determinedL i~»*w» 

^e anmulawry efiea of ATP on surfactant secretion ap- 
96* VtoL 8 September 1994 



into P^ P^ Pfc,. F fcf .-.andsft^ tubtypeV (87). UTP4s 
equally potent. with ATP atithe-P*, receptor (86). Only the 
Ply and P 2tt: reoeptora.ate;coupled.to:Ppf PLC to other ays- 
tema (87). so the P a receptoxroix the. type n^ceU ii likely to 
be one of those. Agonist potenc^ordcr and the-fact that UTP 
w as potent « ATP in the typeJI cell (88) indicate that the 
Plu wc P l £T mediates surfactant secretion. Ho*vw»; in con- 
trast to ATP, ; UTP does notstuniilate: cAMP formation in 
the type JXceil (BS^Tlte^wc^ 



cAMP. formation U. afcx^ee^byrmethytc^thuieji agentt' 
that also antagonize: tbestimalatoryenecro^^ 
phatidylcholine: secretions (86>--Aa mtthylxan thines arc 
adenosine receptor antagonists (87), such findings susmt 
*at ATP acts via thtadenorine preceptor, Jmff&Z 
wmcn. simulates surfactant' secretion (71). However; the :: 

55SSl?E* °? t^ t ° itS mctaboIi3n ' to adenosine or - 
^ P <f,9« b ^ th t ° r r rhich ** et A,T«ceptors= Irronainstd*:" 
be established whether ATP arnKdirecd^the-A, reeeptor^^ 
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or at another P* receptor that is sensitive to methyixanthines 
and coupled to adenylate cyclase, 

ATP promotes biphasic formation of diacylglyccrol in type 
II cells (83). There is an initial transient peak within seconds 
after addition of ATP that is accompanied by IP, formation, 
a pattern consistent with activation of PPI-PLC. A second 
and larger peak occurs 5-10 rain later and is not . accompa- 
nied by an increase in IP a ; therefore, the second diacyl- 
glycerol peak cannot be the result of PPI-PLC action- There 
is also increased formation of phosphatide add in type II 
cells in response to ATP (83). It is well recognized that phos-' 
pholipases other than PPI-PLC are involved in signaling 
mech an is m s in many, systems (89). Thus, activation of phos- 
pholipase D has been reported in several systems and there 
is also some evidence for activation of a phospholipase C act- 
ing on phospholipids other than phc*phomratides- Phospha- 
tide acid is the immediate product of the action of phospho- 
lipase D on glycerophospbatidea whereas diacylgiycerol is 
the product of phospholipase C. Phosphatide acid can be 
convened to diacylglyccrol by the action of phosphatidate 
phosphatase and can arise from diaeylglycerol by the action • 
of chacylglycerol kinase. It is possible to distinguish between 1 
phospholipases C and D by taking advantage of the fact that : 
phospholipase D catalyzes a transpho«phatidylatio3i reaction; 
whereby it forma phosphatidyicthanol rather than phospha- " 1 
tidic acid in the presence of ethanoL Addition of ATP and 
ethanol to type II cells results in the rapid formation of phos-- 
pharidylethanol (90). Therefore^ is likely that the second: 
peak of diacylriycerol formation in response to ATP.is due 
to activation of phosphoiipaie IX; Phospholipase D is also ac- 
tivated by TPA and dioctanoylgiycerol but not by other sur- : 
factant secretagogues (90). Phosphatidylethanol formation 
in response to ATP, TPA, and dic<tanotfglycerol Js antago- : 
nized by protein kinase C inhibitors and its formation 
in response to ATP, but not TPA, is diminished by neomycin,- 
an inhibitor of PPI-PLC (90), .Finally/IP, .formatiori .(83);; 
and phosphatidylethanol formation (90) inrresponac to ATP.'" 
are decreased by pertussis toxin. * " -v * - ; , : . • 

laken together, these data suggest that ATP ads through 
a P au Teceptor that is coupled to PPI-PLC via* a G-protein 
(Fig, 5)/PpI-PLC activation results in formation of diacyl- 
glyeerol, which in turn activates protein kinase-C, an enzyme 
that is also directly activated by TPA and dioctanoylglyceroL 
Subsequent protein phosphorylation then initiates I*C secre- 
tion. As phosphatidyiinositol bisphosphate is a minor lipid in 
most cells, it is unlikely that this mechanism would maintain 
prolonged stimulation of surfactant secretion, However, pro- 
tein kinase C -also -activates phospholipase D and that en- 
zyme, acting on more abundant cellular lipids, generates 
larger quantities i of diacylgiyceroL Such diacylgycerols in 
rum further activate protein kinase C~ and perpetuate the 
cycle. Sustained protein kinase C activation can then main- 
tain surfactant secretion for .a prolonged period 

SURFACTANT RECYCLING 

The protein and lipid components of surfactant are sepa- 
rated upon entry of the lipid into the surface monolayer, 
which may be a consequence of the extnu>rdinary surface 
pressures generated at low lung volumes, which might be ex- 
pected to -force protein out of the surface. After functioning * ' 
as a surface tension-reducing agent, surfactant must be re- 
moved from the alveolus as there is active secretion but ther 
poo! size is constant. The structural form (or forms) of sur-" 
factant leaving the alveolus is unknown although it may be 



a fraction rich in small vesicles (Fig. 2). Despite, the ln rk of 
morphologic evidence, abundant biochemical data-demon- 
strate that surfactant is recycled and most estimates indicate 
that the majority of phospholipid leaving the alveolus 
Teenters the type II cell (6), In addition, macrophages ingest 
.and degrade some surfactant, and small amounts may exit 
via the airways and circulation. Neutral lipid, particularly 
.cholesterol, is a component of surfactant (7) that is especially 
poorly understood. Recent demonstration of lipoprotein- 
mediated signal transduction in isolated type II cells (80) 
and clearance studies of radiolabeled cholesterol (91) suggest . 
complex regulation of surfactant ; lipids. It is likely that 
specific receptors on type II cells are involved in clearance of 
both the neutral lipid and phospholipid components of sur- 
factant. 

In addition to lipid, SP-A, SP-B, and SP-C also reenter 
the type H cell (92-94), but recycling of SP-D has not been 
reponed. Receptor-mediated endocytosis involving coated 
pits was reported for biotinylaied SP-A in cultured type II 
cells (30) but, was not observed for radiolabeled SP-B (93). 
These findings are.coxnpatible with the physiologic data that' 
suggest a high-affinity receptor for SP-A (29), but not for 
SP-B, on type II cells. Electron microscopic autoradiography 
' shows that only type II cells and macrophages ingest detectable 
amounuofi^iolabd (94), 
Other-alveolariseptal cells, as, well as the Clara cell of the ter- 
minal airway, -apparently odo not pamcipate in, recycling. 

Alter reuptake' mto; the type II cc^-photphatidylcholiiic, . 
SP-A, and SP-B . are ^ found j initially in mvtfa and, a few 
minutes later, in' lamellar' bodies (95)1 Phosphatidylcholine 
may be recycled directly ; to. lamellar bodies or it may be 
degraded and reutilized for resyn thesis (96). Direct incorpo- * 
ration appears to be the principal route of phospholipid recy- 
cling. Recycled SP-A is found in 1-mvlf, but not in d-mvb, 
and recycled phosphatidylcholine. is. found in both (94).: Thus 
SP-A and phosphatidylcholine separate:durmg re<7cling. It 
is possible that d-mvb are part of a degradation pathway and 
l-mvbju^ involvedan recycling to lajooellar bodies. SP-A tar- 
gets recycled phospholipid into lamellari bodies, apparently 
prelecting 'the lipid 'from degradation (97). In recent in vivo 
experiments;' 75% of liposome phosphatidylcholine bound to 
SP-A entered. a lamellar bx^v-rich subcellular fraction com- 
pared with 35% when the lipid, was administered with bovine 
serum albumin (S. P. Caminiti, ^unpublished observations). 

The cycle of surfactant metabolism involves some degra- 
dation of .lipid and protein as well as recycling to lamellar 
bodies, it seems likely that .denaturation or, partial lysis of 
surfactant occurs during its residence and function in the al- 
veolar space, but no systematic studies of the cellular biologic 
consequences of minor structural alterations of surfactant 
components have been accomplished. The compartment (or 
compartments) within type II cells that might receive surfac- 
tant destined for degradation has not -been established. The 
usual structure of a lysosome has no readily identifiable 
counterpart in type IE cells, although the d-mvb has 
lysosomal features, .and*!: even lamellar bodies contain 
lysosomal enzymes and a mildly add pH (98). Molecular 
signals that determine which surfactant components should * 
be destroyed and which are suitable for recycling need to be 
clarified. Understanding these regulatory elements pf surfac- 
tant metabolism will benefit from, manipulation of the struc- . 
cure of surfactant lipid" and proteins, and quantitative 
knowledge, of the flux of surfactant components (Fig. 1) will 
improve both, rational drug design land, clinical , treatment 
with exogenous surfactants. 0 
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WMteett, Jeffrey A., Lawrence M. Nogee, Timothy E. 
Weaver, and Ann D. Horowitz. Human Surfactant Protein B: 
Structure, Function, Regulation, and Genetic Disease. Physiol 
Rev. 75: 749-757, 1995.— Elucidation of the structure and func- 
tion of the hydrophobic surfactant protein (SP-B) and the SP-B 
gene has provided critical insight into surfactant homeostasis 
and control of respiratory epithelial cell gene expression. Surfac- 
tant protein B, in concert with surfactant protein A (SP-A), sur- 
factant protein C (SP-C), and surfactant phospholipids, contri- 
butes to the structure and function of surfactant particles, de- 
terinining surface activities and pathways by which surfactant 
phospholipids and proteins are processed, routed, packaged, 
and secreted from lamellar bodies by type II epithelial cells. 
After secretion, SP-B plays an essential role in detexrnining the 
structure of tubular myelin, the stability and rapidity of spread- 
ing, and the recycling of surfactant phospholipids. The biochemi- 
cal and structural signals underlying the homeostasis of alveolar 
surfactant are likely mediated by interactions between the sur- 
factant proteins and phospholipids producing discrete structural 
forms that vary in size, aproprotein, and phospholipid content 
Distinctions in structure, protein, and size are likely to determine 
the function of surfactant particles, their catabolism, or recy- 
cling by alveolar macrophages and airway epithelial cells. Analy- 
sis of the genetic controls governing the SP-B gene has led to 
the definition of DNA-protein interactions that determine respi- 
ratory epithelial cell gene expression in general. The important 
role of SP-B in Inn g function was defined by the study of a 1 ethal 
neonatal respiratory disease, hereditary SP-B deficiency, caused 
by mutations in the human SP-B gene. 



I INTRODUCTION 

This article reviews the structure, function, and regula- 
tion of surfactant protein B (SP-B) and summarizes recent 
Progress in identifying the genetic basis of human surfac- 

0031-9333/95 $3.00 Copyright €> 1995 the American Physiological Society 



tant protein gene expression. The critical role of SP-B in 
respiratory function is supported by the lethal perinatal 
lung disease caused by mutations in the SP-B gene. 

n. DEDUCED STRUCTURE OP SURFACTANT PROTEIN B 
PROFRQTEIN AND SURFACTANT PROTEIN B 

Surfactant protein B was recognized as one of two 
small hydrophobic peptides present in organic solvent ex- 
tracts of pulmonary surfactant that impart surfactant-like 
properties to the phospholipids isolated from alveolar sur- 
factant Oligonucleotides based on partial amino acid se- 
quence and SP-B specific antibodies were utilized to iso- 
late the cDNAs encoding human and canine SP-B from 
cDNA libraries generated from lung tissue (14, 17, 18). 
Analysis of the distribution and abundance of SP-B mRNA 
and protein demonstrated the lung epithelial cell specific- 
ity of SP-B gene expression. The human cDNA (2,0 kb) 
encodes a glycoprotein polypeptide precursor of 381 
amino acids (fig. 1). The SP-B proprotein (proSP-B) pre- 
cursor contains a typical hydrophobic leader sequence 
that targets the protein to the lumen of the endoplasmic 
reticulum and signals its entry into the secretory pathway 
of the alveolar type E epithelial cell The active 79-amino 
acid SP-B peptide is produced by the proteolytic cleavage 
of proSP-B, a process that occurs late in the secretory 
pathway, generating a peptide containing 7 cysteines that 
are involved in inter- and intramolecular disulfide bonds 
that ultimately form oligomers of 16, 24, and 32 kDa char- 
acteristic of SP-B associated with surfactant phospholip- 
ids in alveolar lavage (19, 20). The active SP-B peptide is 
stored in lamellar bodies and secreted with phospholipids 
into the airway lumen (6). The active SP-B peptide con- 
tains highly positively charged amino acids that form an 
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amphipathic helix with the hydrophilic amino acid resi- 
dues positioned near the phospholipid head groups at the 
membrane surface. The hydrophobic face of the SP-B mol- 
ecule is rich in leucine, isoleucme, and valine and provides 
a surface that interacts with phospholipid membranes. 
The cDNA encoding SP-B has been highly conserved 
among various rnarnmalian species, with human, canine, 
and murine (8, 14, 17, 18) SP-B cDNA sharing -80-85% 
identity at the polypeptide level 



m CELLULAR SITES OP SURFACTANT PROTEIN B SYNTHESIS 
IN THE HUMAN LUNG 

In situ hybridization and pepttde-specific antibodies 
have been utilized to determine the localization of SP-B 
mRNA, proSP-B, and SP-B in the developing lung of a 
variety of mammals, including humans (22, 34, 44, 56; Rg. 
2). Surfactant protein B is expressed in a highly lung- 
specific manner. Prosurfactant protein B irrununostaining 
and SP-B mRNA are colocalized along the conducting and 
distal airways of the developing and postnatal lung. Sur- 
factant protein B protein and mRNA are detected as early 
as 14- to 15-wk gestation in the human fetal lung, being 
localized in epithelial cells of bronchi and bronchioles. 
After 25-wk gestation, proSP-B, the active SP-B peptide, 
and SP-B mRNA are colocalized in terminal airways and 
in type n epithelial cells. In the conducting airway, proSP- 
B and SP-B mRNA are present in nonciliated respiratory 



epithelial cells. However, the active peptide is only de- 
tected in alveolar type EE epithelial cells, in the alveolus, 
and within alveolar macrophages. Discrepancies between 
the localization of proSP-B (present in bronchiolar and 
alveolar cells) and the active peptide (detected in type II 
cells, in the alveolus, and in alveolar macrophages) sug- 
gest that distinct processing of SP-B occurs in proximal 
versus distal airway cells. Surfactant protein B is ex- 
pressed well in advance of surfactant biosynthesis or re- 
quirement for surfactant activity at birth. The pattern of 
expression of human SP-B is similar to that of human SP-A 
(21), both being detected in the conducting and peripheral 
airway, but is distinct from proSP-C and SP-C mRNA, 
which are detected only in type II epithelial cells in the 
postnatal human lung (22). The pattern and distribution 
of SP-B in the human lung are similar to those in other 
species including the mouse (7). Although the SP-B active 
peptide is readily detected in alveolar macrophages of 
the mature lung, neither the proSP-B precursor nor SP-B 
mRNA is detected in alveolar macrophages, supporting 
the likelihood that the active peptide is taken up and de- 
graded by alveolar macrophages. 



IV. BIOSYNTHESIS AND INTRACELLULAR TRAFFICKING 

The SP-B proprotein is a typical secretory protein 
with an NH^terrxunally located signal peptide of 23 amino 
acids, as predicted from Von Heine's rules (50). Transloca- 
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fig. 2. Distribution of SP-B in adult human 
lung, Immunostaining for active SP-B peptide 
was performed with normal adult lung tissue. Ac- 
tive SP-B peptide is shown In type U cells and is 
present in alveolar lining material and in alveolar 
macrophages. Magnification, X483. (Figure com- 
pliments of Dr. Susan Wert) 



tion of the preproprotein into the endoplasmic reticulum 
is accompanied by signal peptide cleavage and covalent 
attachment of high mannose oligosaccharide to asparagme 
at position 311; although this glycosylate consensus se- 
quence is conserved among the five species examined to 
date, the functional significance of this modification is un- 
known. There are 24 cysteine residues within the propro- 
tem, most of which are likely involved in intramolecular 
disulfide bonds; cysteine at position 248 (residue 48 of the 
active peptide) participates in the formation of intermolec- 
ular disulfide bridges (19, 20). Because suIfhydryWepen- 
dent oligomers of the proprotein are not formed, dimeriza- 
of the active peptide (the major extracellular form 
of SP-B) likely occurs following liberation by proteolytic 
cleavage late in the secretory pathway. The processing and 
transport of SP-B are summarized in Figure 3. 

Within the secretory pathway of the type H epithelial 
cell, proSP-B can be detected by immunogold labeling in 
the endoplasmic reticulum, Golgi body, and multivesicular 
bodies (51). Surfactant protein B proprotein colocalizes 
with SP-A and SP-C in vesicles budding from the trans- 
Golgi network, suggesting that the surfactant proteins are 
sorted within the secretory pathway by a common mecha- 
nism (52). In contrast to the proprotein, the mature SP- 
B peptide is only detected in multivesicular bodies and 
lamellar bodies (51); double-labeling studies confirmed 
that the only compartment that contains both the propro- 
tein and mature peptide is the multivesicular body, consis- 
tent with proteolytic cleavage in this organelle (51). Sur- 
factant protein B proprotein is not detectable in bronchio- 
lar lavage fluid or in isolated lamellar bodies, further 
suggesting that proteolytic processing occurs before in- 
corporation into the lamellar body (57). The results of 
pulse-chase studies in freshly isolated type U epithelial 
cells and in an adenocarcinoma cell line expressing SP-B 
mdicate > that the ra 2 -terrninal propeptide is removed first 
followed by cleavage of the COOH-terrninaJ propeptide to 
generate the 79-residue active peptide (32, 57). Although 



the sequence flanking the NH*- and COOH terminals of 
the mature peptide does not contain any recognizable 
cleavage sites (e.g., dibasic residues), there is some evi- 
dence that cleavage of the NH^terminal propeptide is me- 
diated by cathepsin D (55); the identity of the enzyme 
that cleaves the COOH-terminal propeptide is not known. 
Urven the hydrophobic^ of mature SP-B, it is likely that 
complete processing of the proprotein coincides with sur- 
factant phospholipid association; however, there is cur- 
rently no experimental evidence corulrrning the proposed 
assembly of the SP^nirfactant phospholipid complex in 
the multivesicular body. 

V. ROLE OF SURFACTANT PROTEIN B IN THE ORGANIZATION 
AND FUNCTIONS OF ALVEOLAR PHOSPHOLIPIDS 



Hydrophobic extracts of pulmonary surfactant lower 
surface tension and promote rapid spreading of a lipid 
film at the air-water interface. Surfactant protein B com- 
bined with lipid mixtures reconstitutes most of the sur- 
face activity of natural surfactant in vitro and increases 
lung compliance in vivo (12, 40). Surfactant protein C and 
SP-B together are even more effective (46, 65). 

Surfactant protein B contains three regions that have 
been predicted to exist as amphipathic a-helices (Trp 9 - 
Pro 2 *) and (ne M -Pro 67 ) (14, 54) and (Va^-Val 38 ) (59). Al- 
most 50% of the protein is in an a-helical conformation 
asd^ermined by Fourier transform infrared spectroscopy 
(fTIR) (49). Synthetic peptides based on the amino acid 
sequences of the portions of human SP-B that contain the 
amphipathic helices can attain the majority of the surface 
tension-lowering activity of native SP-B (2). Surfactant 
protein B interacts primarily with the head group region 
of the lipid bilayer (Fig. 4). Fluorescence anisotropy of a 
variety of fluorescent membrane probes demonstrated that 
SP-B increases order in the lipid head group region without 
altering order in the membrane interior (1). Fourier trans- 
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occurs before incorporation Into lamellar 
bocfc most likely in multivesl cular body 
is required for W 
twn of tubular myelin as well as 3d 
adsorption and spreading of surfaced 
trje form of surfactant Surfactant pro- 
lan B promotes uptake of phospttoflpid 
vesicles by type H ceJJ and is itself irto- 
Mtaad [into endosomes; however, it is inv 
clear whether endocytosw of SP-B occurs 
via a receptor or nonreceptor-mediated 
pathway Internalized SP-B can be recy- 
^.J° bcxly compartment for 

reutilizanon. Degradation of SP-B occura 
m macrophages (not shown) and likely 
m rysosomaJ compartment of type n cells. 



m^^SS bX ^? paia ^ Phosphaddyigjycerol 
^PPG) as determined by fluorescence aiusotropVof la- 
beled phospha&Jylgfrcerol (1) and by S of toids to 
a^oc^on with SP-B C 49). Siirfactant proteSi B causL^ 
ff^er increase m the melting temperature of DPPG than 
of^alraitoylphosphatidylcholine (43). The specific inter- 
actons of SP-B with DPPG have been proposed to result 
in removal of DPPG from the lipid monolayer in a complex 
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demonstrating the critical role of this TTF-1 binding site 
in activation of transcription of the SP-B gene. Transfec- 
tion of HeLa cells with a TTF-1 expression vector, trans- 
activated SP-A, SP-B, and SP-C as well as the Clara cell 
secretory protein gene promoters, demonstrating that 
TTF-1 plays a more general role in the activation of lung 
epithelial-specific gene expression (4). The activation of 
surfactant protein gene expression by TTF-1 and HNF- 
3a demonstrates that transcriptional factors expressed 
widely along the mammalian foregut axis may work in 
concert to define the cellular specificity of gene expres- 
sion in the conducting and alveolar respiratory epithe- 
lium. This analysis of the SP-B gene has provided the 
first insigtit into the transcriptional control of lung-specific 
gene expression and has important implications for the 
regulation of surfactant protein genes and perhaps other 
genes associated with respiratory epithelial cell function. 

Surfactant protein B gene expression is also regu- 
lated by a number of humoral agents, being enhanced by 
glucocorticoids and to a lesser extent by adenosine 3',5'- 
cyclic monophosphate (cAMP) in developing fetal lung 
explants or in bronchiolar adenocarcinoma cells in vitro 
(for review, see Ref. 3). While transcriptional activation 
of the gene is involved in the expression of SP-B, perinatal 
increases in SP-B mRNA are also strongly influenced by 
the increasing numbers of distal respiratory epithelial 
cells that express SP-B, increasing the relative abundance 
of cells expressing the mRNA with advancing lung devel- 
opment In amniotic fluid, SP-B protein increases with 
advancing gestation in association with increases in SP- 
A and tfie ledtrun-to-splu^omyelm (US) ratio (38). In 
vitro analysis of SP-B gene expression demonstrated only 
modest effects of glucocorticoids or cAMP that do not 
appear to be directly regulated by gene transcription and 
are more strongly influenced by posttranscriptional regu- 
lation of SP-B mRNA stability (30, 31). Surfactant protein 
B mRNA and SP-B protein are decreased by exposure 



of H441-4 cells to l2-0-tetradecanoylphorboM3-acetate 
(TPA) and tumor necrosis factors* (TNF-aO (39). like- 
wise, intratracheal administration of these agents to the 
mouse decreases SP-B mRNA and SP-B protein in vivo 
(G. S. Pryhuber, C. Bachurski, and J. A. Whitsett, unpub- 
lished observations). 

VIL POSTTRANSCRIPTIONAL REGULATION OF HUMAN 
SURFACTANT PROTEIN B 

In vitro analysis of the effects of glucocorticoids 
(stimulatory) and TPA (inhibitory) demonstrated that SP- 
B gene expression is controlled primarily at a posttran- 
scriptional level Actinomycin D blocked the inhibitory 
effects of TPA and TNF-or on SP-B mRNA (39), supporting 
the hypothesis that SP-B expression was controlled by 
destabilization of the SP-B mRNA, mediated by exacting 
elements within the mRNA. Deletion analysis of the hu- * 
man SP-B mRNA demonstrated that cis-active elements 
located within the 3 '-untranslated region of the human, 
but not murine SP-B, were critical to the maintenance of < 
mRNA stability and to the inhibitory effects of TPA and 
TNF-a on SP-B mRNA levels (37). Gene constructs bear- 
ing the S'-untranslated region of the SP-B mRNA were 
utilized to demonstrate destabilization of a chimeric 
growth hormone SP-B mRNA in vitro. While the inhibitory 
effects of TNF-<* and TPA were mediated by the ^-un- 
translated region of the SP-B mRNA, the increased stabil- 
ity of SP-B mRNA in the presence of glucocorticoid was 
not determined by this cis-acting element (37). The poten- 
tially important role of SP-B in lung function was sup- 
ported by the observations that irnmunoclonal antibodies 
versus SP-B caused respiratory failure in mice (23). u 

Vm. HEREDITARY SURFACTANT PROTEIN B DEFICIENCY 

The fundamental importance of SP-B in pulmonary i > 
function was further emphasized by the recent observa- 
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^ n ^! at J inf ^ nts unable to Produce SP-B due to genetic 
Si"? S°Pi etllal neonatal respirator disease 
first kindred with an inherited abnormality of the SP-B 
gene wasjreported in 1993 (27). The index family had 
tiiree affected children, with similar clinical symptoms 
All were bom at term and rapidly developed severe respi- 
ratory disease with clinical and radiographic features sim- 
flarto those seen in preterm infants with respiratory dis- 
tress syndrome. The respiratory failure was refractory to 
all therapies, including mechanical ventilation, surfactant 
replacement, and extracorporeal membrane oxygenation. 
A notable histopathological finding in the lungs of these 
infante was that of alveolar proteinosis. Distal airspaces 
were filled with granular, eosinophilic proteinaceous ma- 
terial. Surfactant protein B was undetectable in the luncs 
of these infants by either protein blotting or immunohisto- 
chenucal techniques using a number of different antisera. 
An absence of SP-B-specific mRNA supported the notion 
that the primary cause of disease in these infants was an 
inability to produce SP-B. Subsequent work demonstrated 
that these infants were homozygous for a frameshift muta- 
tion m exon 4 (121ins2) that accounted for the lack of 
SP-B protein (28). 

Since the initial description of this family, SP-B defi- 
ciency has been recognized as the basis for respiratory 
disease m more than 15 additional famiUes (Ref. 13- 
Nogee, unpublished observations). Affected infants have 
been born at term and developed severe respiratory dis- 
ease in the immediate neonatal period. Pulmonary hyper- 
tension has been a prominent clinical finding. Survival 
has been limited to months despite aggressive support, 
although two infants have had reasonably good short-term 
results from lung transplantation (A. Hamvas, personal 
communication). Although the incidence of the disease is 
unknown, the observation that two-thirds of these fami- 
lies have had more than one child affected with this reces- 
sive disorder suggests that infants with hereditary SP-B 
deficiency have been previously unrecognized. As more 
infants have been prospectively identified, not all have 
had prominent findings of alveolar proteinosis. ladings 
at autopsy or biopsy include nonspecific changes typical 
of bronchopulmonary dysplasia mcluding desquamation 
of alveolar cells. The 121ins2 mutation, accounting for 
~75% of identified to date, has been found in families 
principally of Northern European, Anglo-Saxon, and Scot- 
tish-Irish descent However, affected infants have been 
identified in families of Middle Eastern and Mediterranean 
decent Over six different mutant alleles have been identi- 
fied, although none has been found in more than one 
family other than the 12lins2 mutation Both missense as 
well as nonsense mutations have been identified There- 
fore, clinical disease associated with the production of 
aberrant SP-B peptides is possible (Nogee, unpublished 
observations). 

Aside from the inability to produce SP-B, abnormalit- 
ies in other surfactant components were observed in SP- x. summary 
B-deflcient infants. Amniotic fluid analyses from two af- 
fected infants demonstrated abnormal phospholipid pro- 
files at term, with US ratios of <1.0 (normal >1.5) and 
an absence of phosphatidylglycerol (16). Although the 
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^Tf°^' A ^ e fluid ^ ^ was markedly 
different from that of controls, irrimunostaming for SpI 

fnS^ 1 , 3 of epithelial ceD naming (13). 

W^tractural analysis of the lung tissue of SP-frdeficient 
mfants demonstrated a paucity of lamellar bodies and 
mtraceUular accumulation of unilamellar vesicles that 
were secreted basolaterafly and apically, suggesting float 
£ Sf 6 n 6 °- f ^- B ' non ^ P°^tyScreS 
£ ?5^ e ^^J** Was d^Pted. Vorbroker «£ 
• nS ^ ated . a l2 * Da P e P tide consisting of 
the ^^rminal portion of the proSP-C molecule, includ- 
ing the mature SP-C peptide epitopes accumulated in the 
ar^ace of patients with SP-B deficiency (53). The proSP- 
C fragment is produced by aberrant or incomplete pro- 
cesang of proSP-C. Mature SP-C protein was not detected 
in lung fcvage fluid from these patients. The 12-kDa SP-C 
peptide has not been detected in normal or other diseased 
lung tissue. The proteinaceous material accumulating in 
toe alveolus of patients with hereditary SP-B deficiency 
contans abundant .amounts of the 12-kDa SP-C fragment 
and SP-A, but unlike adult patients with alvcolarpro- 
teinosis, there is a paucity of surfactant phospholipid. 
Thus tile respiratory failure seen in SP-EWeficient infants 
k f ' Tesuiti1 ^ n °* only from the lack of SP-B 

but possibly from the lack of SP-C, the accumulation of 
nonsurface active proteins, and the abnormal processing 
and secretion of surfactant phospholipids and proteins 

O. ANIMAL MODELS OP SURFACTANT PROTEIN B DEFICIENCY 

Transgenic mice have been generated in which the 
murine SP-B locus has been targeted by homologous re- 
combination in embryonic stem cells (10a). Chimeric ani- 
mals bearing the targeted murine gene have been bred to 
germkne heterozygosity and homozygosity, producing an 
anfrnal deficient in SP-B. Heterozygote mice bearing the 
null SP-B mutation are normal and indistinguishable from 
wild-type attenuates. When bred to homozygosity, the SP- 
B-deficient mice die in the perinatal period of respiratory 
™ o t I ith of <*« seqpielBL typified by the human 
bP-B-defloent patients. The transgenic SP-B (-/-) mouse 
will be useful in discerning the pathogenesis and potential 
treatments for neonatal SP-B deficiency. 

Hereditary SP-B deficiency represents a significant 
cause of respiratory failure in full-term infants that has 
been previously unrecognized. Because the syndrome has 
been uniformly fatal, lung transplantation has been used 
for therapy of hereditary SP-B deficiency. Recombinant 
adenoviral vectors expressing human SP-B were devel- 
oped for gene transfer to the respiratory epithelium (64) 
representing a potential strategy for future therapy of he- 
reditary SP-B deficiency. 



The application of molecular biology to the study of 
pulmonary surfactant resulted in the identification of the 
bP-B peptide and the isolation of both cDNAs and genes 
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encoding this important protein. These molecular re- 
agents have led to the identification of the sites of synthe- 
sis as well as the mechanisms by which SP-B is produced, 
stored, and secreted and have provided important insight 
into the role of SP-B in surfactant homeostasis. Genetic 
and biochemical analyses of the human SP-B have been 
essential in identifying nuclear proteins controlling tran- 
scription of surfactant protein genes in general. 

This work was supported by National Heart, Lung, and 
Blood Institute Grants HL-38869 and HL-36055 (to T. E. Weaver) 
and Center for Gene Therapy Grant HL-61832. 
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